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Preface 



One of man's most persistent dreams is to be able to fly 
through the air unencumbered, like a bird. This was true 
hundreds of years ago, probably even baclc beyond the 
dawn of history. Evidence of the dream pan be found in 
the fact that the gods of ancient civilizations were endowed 
with the power of flight. Men in these early civilizations 
gave to tlieir man-like gods abilities that simple, ordinary 
men could not have— including the ability to fly. 

The dream held true in later days also, as we can see 
from the many preserved drawings of human beings before, 
dufing, and after the days of Leonardo da Vinci. Even this ' 
Italian genius, whose abilities in many fields amaze 
sophisticated modem men, thought, about, experimented 
v^'ith, and designed machines to allow man to leave the 
ground. . Da Vinci, and most other early theorists thought 
in terms of bird-like wings, operated by the muscle power . 
of the man wearing them. ■ 

The dream exists even today, as we can see by the popu- 
larity of skydiving. This is the sport of parachutists who 
delight in jumping from planes, then soaring through the 
skies alone for as long as possible before opening their para- 
chutes. 

But accompanying this ancient dream has always been 
a rude awakening to the fact that man is just not built for 
flying. His body is 'too heavy to be held aloft by his arms. 
His arms are arms, not wings. And even with wipg-like 
devices to hold him up, man is just not strong enough to 
build up the force it takes to keep himself in the air. Still, 
man does not concede that he is never to fly by himself, 
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without mechanical assistance. (The skydiver is an example 
of lhisJas$.) Even today, grown men fly kites and ^^nvy 
the paper birds 4l^put aloft. ' ' 

In his fantasies, man still dreams of overcoming hi^ ^ 
ground-bound design and soaring off by himself. After all, ^ 
he reasons, thelbumblebee defies all the rules of aero- 
nautical design, ahd still flies. So why not man? In the mean- 
time, however, man has accepted a compromise: if he has 
not yet found a ivay to fly under his own power, he will 
do the next bestrthing— he will use his machines for power. 

Only throu^ the use of machines has man so far been 
* able to even partially fulfill his dream of controlled, con- 
tinuing flight. After countless centuries of glazing at the 
sky and envying the birds, it is only within this century 
that man has made any real success qf his ancient dream. 

It is the purpose of this volume to trace the development 
of the power machines that man . uses to propel his flying 
machines through the air; to study these propulsion devices 
as they exist today; and to look at developments that take 
man far beyond the range of the birds he envies. 



ERIC 



\ 



Contents 

Preface ' * 

Chapter i— POWER IN FLIGHT i 

» r 

Flight Theory 3 

Internal Combustion Engines 5 

' * Powered Flight , , 6 

Gliders * ... 4 7 

More Power 8 

Success 8 

Jets 10 

Power Tenns 11 

Horsepower . . .• 12 

Thrust .13' 

Thrust Horsepower . .• 15 

Chapter 2— RECIPROCATING ENGINES 19 

The Reciprocatirig Engine 20 

The Me'fchamcal System 20 

Diesel Engines 25 

Types of Reciprocating Engines 26 

Performance of Reciprocating Engines ... 29 

Heat and Cooling * , • . . . 30 

Construction Materials 32 

C//ap/^r 4— X)THER ENGINE SYSTEMS ...... 37 

Fuels^A^^-v~v^r- . v . ^ . ^ ^-^8; 

Volatility . . 39 

Octaiie Rating 40 . 

The Fuel System f . . , 42 

Fuel jpecding ' 42 

Carburetion / • . . 43 

Carburetor Operation . . ^ 45 



ERIC 



I 

Carburetor Accessories 48 

"Mother Carburetor Types ....... 52 

Fuel Injection Systems 54 

Mass Air Flow System 55 

Intake Metering System 56 

Advantages and Problems 57 

Ignition System . . . . • • 58 

Magnetism and Electricity ....... 58 

The Magneto , . 62 

Starting Systems * . . 68 

The Lubrication System ........ 69 

Oil Propcrti^ \ 70 

* OU Distribution 71 

Propellers 73 

Nomenclature 74 

Motion ' • • • . '^^ 

Forces • 76 

Types 78 . 

Reversing and Feathering 78 

Limitations 80 

Chapter Gas Turbines & Jet Proj)ulsiQn 85 

Jet Engines 86 

^ Principles of Operation 87 

Ramjet 88 

Pulse Jet * 90 

The Turbojet 92 

The Turboprop Enghe 102 

Turbofan En^e 105 

Helicopter Endues 106 

Some Important Systems 109' 

\ Accessory Section 109 

^Starting the Engine 109 

Fuel Systems HO 

Lubrication Systems Ill 

Water Injection 11* 

Thrust Reversers. 112 

koise Suppression 115 

Pollution 117 

Comparisons . 118 

Summary: Propulsion's Evolution 121 

Index * . ^ 127 

O 8 ' 

ERLC 



Chapter X 

Power in Flight 




tHlS CKAPTEK tracet th<t hUtorkx?i! dtvetoppMnt of thQlnfi 
i$M io powf r dircroft, It 9ly« o britf mww o( d^yklopmmhH 
In olr itNipry, HohttMhannair cfdft^c^nd^^g ^Ight, cifway* 
<ohikliHr{f)a that tw«CfM«ut pov^jlrfdi flight ii^rf^fjKli od- 
vd(Kt$ In a)i of thMi orMf. UpoH cofn^tlc^n^ 
yoo ihoulcT b* abl# tot (I) •Kptoin Hi* moln difftroric^ 
Ntw«f n intvmor dnd «xt«mal c^mbvfttion #n0in4N>dnd th« 
rtaioni oxN^rnai cpmbottk^^ trHirt^ fmytd fmpit^llcqi for 
po)^*rtno olrcraft;.(2) why ihm tntomol combuition «r»gen« 
wa» io fohfl In cbvtlof^ing dnd why Jt was tli# to 
powtM flight; (3) istphln tht fi>rmg ''hor^poyftt^^ arnl 
"thrufit'^ otid how thty art rolotfd; on^ (4) compari e pIi»on 
cnflJn*'* poWtr to that of d jot iinQlIno* 



nPHE SUCCESSFUL FLIGHT of powered aircraft had to a- 
,X wait developments in several fields. The theory of flight, for 
instance, underwent many changes as man continued to experi- 
ment with kites and gljders, to study bird flight and the movement 
of sailing ships, and to think about the nature of. air itself. 

We have seen in such Aerospace Education books as The Aero- 
space Age and Theory of Aircraft Flight (AE-II) how 
man's concept^ of flying developed over the years. In this book 
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we look at the matter of flight from a different viewpoint: the 
development of the power plants that finally . enabled the ancient 
dream to ^jecome reality. 

As an adjunct to the accumulation of knowledge came physical 
developments. One of the most significant developments was the 
invention of the steam engine in the late eighteenth century. This 
new device represented man's first successful harnessing of mech- 
anical power for useful work. It freed man from dependence on 
power from animals, wind, and falling water, and turned his 
thinking in new directions. 

The steam' engine was a revolutionary invention, and is still in 
use vQoay. As important as the steam engine ^yas, it had a number 
of basic characteristics which made it unsuitable for aircraft power. 
For one thing, the steam engine was too bulky. For another, it 
waS^ not. responsive enough to the pilot's control. It was too 
heavy. Moreover, it required external combustion. 

External combustion meant that the fire that heated t^e water 
and turned it into steam was located outside the engine itself. This 
feature, with its increased danger of fire, was more than just an 
inconvenience for someone who intended to fly through the air 
under power of a steam engine. (Some steam engines were us^d 
in the early days of ballooning, but they were soon abandoned.) 

Improvements in the steam engine led eventually to the develop- 
ment of the internal combustion engine, which was a very significant 
development in the evolution of mechanical power. One of the 
most important , characteristics of the new engine was provision 
for the burning process to take place inside the engine'. The in- 
ternal combustion engine eventually was to provide the power 
for m^*s first successful controlled, powered flight of a heavier- 
than-air craft. 9 

The development of the internal combustion engine spurred the 
development of new metals that were strong enough and light 
enough to withstand the stresses of heat and pressure in the en- 
gine, whils providing sufficient power to fly an airplane. Along 
with the development of this new kind of engine came new 
thought ou how power coiijd best be produced and used. 

As you have seen in prevlhus study in the Aerospace Educa- 
.tion course,, the road to succossTul flight was paved with many 
ideas from many men over a mxiod of many years. 

Orvillc and Wilbur Wright collected the recordt?J progress in all 
of the fields of aviation thought tested it, threw out what did not 
work, then added information oKtheir own to the pool of knowl- 
edge. The collective knowledge produced by centuries of work 
by a number of people all over the world was responsible for 
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FIgur. 1. D,c.mb.r 17, 1903, at KlHy Hawk, Nor»h Carolina, wa. Ih» "Wright" lim. 
and ploeo (or Ih. fir.t .uccssful flight of a mann.d, h.ovi.r.lhon.air machin.. H.r., 
fh. Wright Broth.rs' Fly.r standi r.ady for its historic advjntur.. 

• 

the first controlled, powered, heavier-than-air flight on 17 De- 
cember 1903. That historic flight lasted 12 seconds. The Wright 
brother Flyer (Fig. I), with OrvUle at the controls, attained a 
forward speed of seven miles an hour, and. covered a distance 
of about 120 feet. Those figures do not sound like much today; 
in fact, they were far surpassed by the Wrights themselves before 
the day was over. The pilots "got the hang" of flying their new 
machine , and they flew three more Umes that day. Flying into a 
21-mile.an-hour wind, the last flight (with Wilbur piloting) lasted 
59 seconds and covered a distance of 852 feet, at an average 
speed through the air of 31 miles per hour. 

Orville Wright's flight represented the first successful application 
of the distilled knowledge of centuries of thinking, countless groping 
experiments, and an unknown, number of unsuccessful attempts by 
men who would have been well satisfied to fly for 12 seconds at 7 
miles an hour. 

Let us briefly review that history. 



. FLIGHT THEORY 

M 

For centuries before the Wrights, man had used the wind for 
power. Wind in the sails of ships moved those ships farther and 
faster than humans could rbw. But no one knew how to use the 
same wind force for flight'. Ancient thinkers on the matter of 
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flying thought that air was a Sustaining force— that is, that air 
supported the birds, and ^eld them up in the air. They differed 
on how the birds moved through the air. Some thinkers believed 
the birds swam through the air like a man swims through the water. 
Others believed the bird^s forvrard motion was caused- by the air 
closing around the bird's body, "squeezing" the body forward. 

Leonard^ da. Vinci, 1452 to 1519, subscribed to the **swun- 
ming" theory, but he recognized that air hinders flight instead 
of helping it. Da Vinci was among the first to realize that air 
could be compressed, and that this compressibility acts to block 
flight. He made long studies of birds, and as a result, became a 
proponent of streamlining to cut down wind resistance as much as 
possible. Among da Vinci's drawings are plans for a parachute; 
for a kind of , helicopter, wh^ch could pull itself through the air 
with a propeller-like screw, mUch as later boats would push them- 
selves through water; and for an ^rnithopter, a device with bird- 
like wings that man could flap with his muscle power, through a 
system of pulleys. This wing-flapping idea seems to have been 
most common among early would-be aviators. (The word aviator, 
"as a matter of fact, is derived from the Latin word, avis, which 
means "bird.") f 

In 1680, a biologist named G. A. Borelli published a work ex- 
plaining, among other things, that man's muscles alone would 
never be able to power a hcavier-than-air craft through the air. 
Borelli explained that man had a poor ratio of power to weight, 
as cqmpared with the bird. This biological explanation did not 
convince everybody, though. Some "birdmen" persisted in 'Veir 
attempts to get off the ground with bird-like wings. There is no 
record that any of them^ succeeded. 

'what they could not knojv was that the bird's wing was far 
from the simple flapping arm they saw. In fact, modem high- 
speed photography has revealed that the outer primary feathers of 
a bird's wings function as propellers do to drive the bird forward 
(Fig. 2). Men of Borelli's time know virtually nothing about aero-' 
dynamics, however, and saw only simple flapping when they 
looked at a wing in operation. 

Many of the air-minded thinkers after Borelli's day turned their 
minds to flying lighter-than-air craft, or balloons. A major problem 
with the balloons was how to control their direction of flight. 
More than a century elapsed between the publication of Borelli's 
work and the invention of the steam engine. The greater i^art of 
another century had gone before the steam engine was used to 
propel balloons. 
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Figur* 2. Tht taiiy advocatci of manntd, fl>ght copUd tht wlogi of the blrdi to th« 
b«il of ihfsU ability. What th«y did nofl^now woj thol blrdi' wlngi act ai prop«IUrs 
lo driv* th« birds throygh tht air. At Jh« bird's wing beats down, thtt air pressure 
twists tht outer primary 'feathers to the proper angje to drive lihe bird forward, while 
*th^ remainder of the Wing provides lift.-,— ^ 



, The fii:s£ aircraft engine was a steam engine developed in. 1851 
by H^nri ^Giffard. of France. The engine weighed about 350 
pounds and developed '3 horsepdwer, In> September 1852, a 
cigar-shaped balloon flew at 6 miles an hour for 17 miles under 
the power of Giffard's .engine, which drove directional propellers. 

Intcmjd Combustion Engines 

^roip the'time the steam engine wa^ invented,, scientists worked 
constantly .to imprpve it. Their experiments led away from ex- 
ternal combustion and 'toward the development of the internal 
combustion engine. 

It is impossible to attribute to one man the invention of the 
internal combustion engine. lu development was made possible 
*by an accumulation of knowledge in mechanical skills, thermody- 
namics (the effectis of heat), experience,^ and the availability of 
materials. * 

iTie fi^t record of the internal combustion gasoline engine was 
.reported in 1820 by an Englishman named W. Cecil. 

Cecir| engine" operated on a vacuum-like* system. The fuel 
burned inside the engine. As the heated air cooled, it produced 
an area of Jower pressure. The pressure differential was used tp 
pp"\yer the engine.. 
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Later experiojents showed that better power ^could be obtained 
by using the expansion force of .the burning gases, rather than 
the vacuum of the cooling gases^As a further refinement, in 1838, 
William Baniett of England suggested that the gasoline would pro* 
duce more power if it were compressed before it was ignited. 

The first really practical , internal combrf>tion engine was de- 
signed in 1860/ by the Frenchman, J J.E. , Lenoir. Two years 
later, another Frenchman, Alphonse Beau de Rochas, came out 
with a theory for a four-cycle engine. His engine would have four 
steps: one for intake of the fuel; one. for compression of Jhe fuel; 
one for burning of the fuel (the power step); and one for the 
spent gases to be exhausted. 

A German named Nikolauii Otto applied the de Rochas theory 
to real engines in lf876. He,rbeg3n manufacturing them in the 
United States in 1878. Finally, Gottlieb Daimler made a valuable 
contribution to the propulsion field when Be devised a high-^peed 
internal combustion engine in 1883. 

The internal combustion engine W3s to be the key to powered, 
heavier-than-air flight. 

POWERED FLIGHT 

The first internal combustion engine usjsd on an airship, as bal- 
loons were called then, used coal gas for fuel It\was devised 
l^ Paul JIaenlein of Germany in 1872, and had t6)XT cyhnders. 
Eleven years later, Albert and Gaston Tfssandier of France uscd^ 
an electrically-driven, motor providing"1.5 hUfsepower on an air-*" 
ship* 

The first use of a gasoline-burning internal combustion engine 
on^ an airship came in 1897, David Sihwartz of Germany built 
the engine and installed it on a steerable balloon, or dirigible^ 
made of aluminum sheeting stretched over a frame. 

A Bfazilian, Alberto Santos-DurnoDt, and a German count, 
Ferdinand von Zeppelin, both worked on dirigibles powered by 
internal combustion engines. Santos-Dumorit started his experi- 
ments in 1898. Three years later, his dirigible flew a. distance 
of seven miles in 29 minutes, 31 seconds. The 12-horsepower 
engine could move the^ 1107oot-long dirigible at 15 miles an 
hoflr. Cpunt Zeppelin built a huge dirigible (420 feet long) in 
1900 and powered it with two internal combustion benzine ^ en- 
gines,^ developing 16 horsepower each. 

* Some American dirigibles were fitted with gasoline engines, as 
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Figure 3. Th* ag« of lh« dirigibit saw many 'typts of propulsion applied to tho 
stccrable balloons. Here, a four-cylinder reciprocating engine is installed in the US 
^Signal Corps' Dirigible Number 1/ in 1908. 



« 

in figure 3. The future, however, belonged to the heavier-than-air 
vehicles rather than to the dirigible. 

Gilders 

While the balloons supplied increasing information on engine 
design, valuable information on aircraft design was being gathered 
by glider builders. 

Sir Geoirge Caley of England carried out pioneering experiment? 
with gliders around 1800. Later, Germany's Otto Lilienthal became 
the foremost individual among glider experimenters. Lilienthal, 
.beginning in 1871, compiled a, vast amount of information on aero- 
dynamic principles through his work with gliders* Two of Lilien- 
thars disciples also made important contributions to airplane de- 
sign through glider work in the last decade of the nineteenth 
ccntu*j. They were Percy Pitcher, of England, and Octave Chanutc, 
who was born in France and moved to America at age six, 
Chanute was to give the Wright brothers valuable moral, support 
and encouragement in their search for the answers to the probleifls 
of flight. 
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The marriage of the internal combustion engme to an air frame 
that mcorporated aerodynamic principles resulted eventually in a 
successful heavier-than-air machine*^ 

More fower 

ContinuLig advancement of the mtcmal combustion enjgtae 
nearly brought to Samuel Langley, an Aniefican, the historic 
honor of prpducmg the first successful, heavier-than-air craft. Lang- 
ley, Director, of the Smithsonian Institution in Washington, D.C, 
produced a series of p^owercd model airplanes. The fifth model 
flew for about a minute and a half and covered nearly three- 
quarters of a mile. As a result^ of. his experimentation m 1898, 
Congress awarded him a grant to develop a fuU«size aircraft. 

Langley hked Charles M. Manly, a graduate student at, Cornell 
University, to build an engine for the full-size aircraft. Manly rc- 
sp9ndcd with a five-cylmder radial cng^c, weighing, w^th ac- 
cessories, 207.5 pounds and developmg ' 52.4 horsepower, This 
enipne, a'^marvelfcr that tune, is shown in figure 4; 

With Manly at the controls, Lanfeley's Aerodrome was laupchcd 
in October of 1903 from a catapult device mounted atop a house>- 
boat on the Potomac River. Part of the aircraffs structure snagged 
on the launching gear and the Aerodrome plunged into the river. 

the plane was repaired, and on 8 December 1903, Manly made 
another try. When the plane's rear wing collapsed on launch, his 
reward was another dunk into the river and hoots of derision from 
the Nation, the latter shared with Langley. Although Manly's enpne 
was not at fault in the Aerodro^*s failures, he shared die blame, 
and his chance at immortality wa^ missed. Nine days later, Oryille 
Wright lifted off a lannching rail at Kitty Hawk, North Carolma, 
in the Flyer while brother Wilbur stood by. 

Saccm 

The Wright brothers' flight was no accident. It was the result of 
long, hard work, of study of everything they could find on aero- 
nautics, of building gliders and testing them, of constructing a wmd 
tunnel to try out their ideas. When they could not find written 
material op information tiicy needed, or— as. often was the case— 
when accepted aerodynamics jtheorics proved to be wrong, tiiey 
experimented and developed their own ideas. When they could 
not find parts they -needed, they built tiieir own. For example, 
they, found no useful infonnation on propeller design so they had 
to virtually invent one that would work on an airplane. The 
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Figurt 4. Charlts Man!y'$ tngin* was powerful and •ffidtnt tnough to drivt tht 
Asrodromt, but could not oytrcom* mistakes in the olrcroft itietf. A five cylinder radial 
engine, it used a bUycle wheel for a flywheel. 

, (Photo courtesy Smithiontan Institution National Air Museum) 

same was true vWth the engine. After searching for a suitable 
engine to power the Flyer, the Wrights decided they must build 
their own. All known engines were rejected bcausc they were 
too heavy or lacked sufficient power. (Manly was building an 
engine for Langley but the Wright brothers did not know this.) 
Finally, they powered the Flyer with the gasoline-burning in- 
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FiQur* 5. This tngtnt powcrtd tht Wright brolhtrs atroplan* at Kitty Kawk In 
Dtctmbtf 1903. AlthQugh Inf«rior to tht Mantty inglnt, It wqi succtitful b*cautt It 
VproptiUd a tucctssful aircraft. 

(Photo courltty Smithsonian Initltution Notional Air Mustum) 

teraal combustion engine shown in figure 5, which was buflt with 
the as.sistancc of their mechanic, ^Charles Taylor. The in-line 
engine had four cylinders, weighed*^ 170 pounds, and developed 
12-horsepower. It drove two wooden propellers. 

The Wrights put in many hard hours of work over several 
years on their way to their date with history, and that work paid 
off in immortality. 



Jets 



Jet propulsion has a different history. The theory of jet power 
has been around for centuries, but it was not until after Isaac New- 
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ton published his ideas on motion in .1687 that, the jet was con- 
sidered feasible as a propulsion device. More than 200 years 
elapsed after Newton, however, before anyone considered usmg a 
jet engine on an aircraft. 

Actually, despite the fact that the principle of jet propulsion was 
known when the aircriaft was fkst flown, the principle was not 
applied to aircraft for ahnost forty years. There were several reasons 
for this delay. When aircraJEt first began to fly, jthe only known jet 
engmes were of the external combustion type, which were too 
bulky and lacked power; and mtemal combustion jet engines coujd 
not be developed until man ,had come up with metals strong 
enough to withstand the tremendous heats and pressures produced 
inside such engines. 

An American, S&nford Moss, contributed substantially to the jet 
engine, but more or less incidentally. Moss did research -^n the gas 
turbine, which was to play a big role in the jet engine's develop- 
inent. The tiirbme is a mechanical wheel-like device that spins 
in reaction to a fluid flow over or through it. Although the concept 
of a turbme was not new. Moss did much to perfect tht idea. He 
experimented successfully with the gas turbme m 1902, 

An English Air Force officer named Frank combined the 

gas turbine and an ahr compressor to make a jet engine in 1930. 
But progress stalled until Worid War II came along, the English 
successfully flew a jet aircraft in May of 1941, thanks to Whittle. 

But he was not the first. The worid's first jet aircraft flew in 
Germany in August, 1939, The engine was designed by Hans von 
Ohaln. A year later, an Italian jet aircraft built by Giovanni' 
Ctproni flew 130 miles from Milan to Rome, 

Whittle's ideas were imported by the Uinited States and eventu- 
ally emerged m the fonn^of the P--80 Shootii^ Ster jet akcraft 
in 1944. The engine in figure 6 powered the P-80, America's 
first operational jet aircraft. The world's first operational jet air- 
craft was the German Messerschmidt ME-*262, which appeared 
early in 1944, 

The development of the jet leaj)ed forward after World War U. 

POWER TERMS 

In the discussion of propulsion systems, two terms are used 
to describe the power output of the engine system. These terms 
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Figuf* 6. Thii !•! •ngin* pow«r«d th« first optraliona! Amtrican Ul plant, th« P-80. 
Dtv«lop«d by Gtn«ral Eltclric for th« Army Air Forc«, lh« tngin* providtd 4,200 

pounds of thrust. 



arc horsepower, used to evaluate the reciprocating engine; and 
thrust, used to rate the jet and rocket engines * 



Horsepower * 

Horsepower is a more or less artificial word, invented to 
rate an engine's power in relation to the more familiar power 
source of earlier days. To understand horsepower, however, it is 
necessary first to understand the term work as used in a physical 
sense. Work is described as the exertion of a force over a given 
distance. It is measured ih foot-pounds. > 

Work is the product of fQrce, or weight, tjmcs the distance that 
weight is liflcd. ("Force" ha^ another definition in calculating jet 
engine power. See below.) Time is not a factor in finding the 



♦II {s handy to know how horscpo\vcr artd ihruM arc computed, bui comprchcndlni the for* 
muli used here IJ not essential to understandmu ho>^ the eniincs work Those not mathcmaUcally 
Inclined need not be concerned it ihcy do not undcr$tand these tormuUs 
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amount of work done. The formula for determining work is ex- 
pressed W = F X D. 

' When inventor James Watt was looking for a way to evaluate 
the power of his steam engine, he decided io rate the engine 
against a familiar power source, a horse. Watt hitched a brewery 
horse to a 150-pound load and prodded the animal to his best 
effort in lifting that load. Watt found that' the best that horse 
could do was to lift the load three and two-thirds feet in an aver- 
age second. 

' Using the formula for determining work, Watt found that the 

horse had performed about 550 foot-pounds of work per second. 
One horsepower, then, became equivalent to 550 ft-lb/scc, To 
find the horsepower rating for an engine, then, we divide the num- 
ber of ^ foot-pounds of work that an engine can ^perform in one 
second by 550— the number of foot-pounds of work the horse 
could perform in the same period. The formula is expressed, hp = 
number of ft-lb/sec 
550 

With today's big engines, manufacturers have found it more con- 
venient to figure the horsepower by the amount of work done 
per minute, rather than per second. This formula is'^tated, hp = 
number of ft-lb/min. - 00^^^ • , ' ^ 
(Thw^ figure 33,000 is merely 550— horsepower 

in seconds — multiplied by 60 seconds.) 

An engine capable of lifting 10,000 pounds of weight a dis« 
tancc of 50 feet in 30 seconds could lift the same weight 100 
feet m one minute. Multiplying lOa feet times 10,000 pounds 
we find that the engine performs 1,000,000 ft-lb of work per 

minute. The horsepower rating, then would be: ^3^0^^ = 30,3 hp. 

Thriut 

The power of jet and rocket engines is expressed in terms of 
thrust, instead of in horsepower. 

Jet engines operate on the principles pf Newton's second and 
third laws of motion (force is proportional, to the product of mass 
and acceleration^ and for every action there is an equal and op- 
posite reaction). ; 

In the jet, the force in Newton's second law is the power that 
moves the mass of air toward the rear of the engine. The acceleration 
IS the increase in speed of the air mass from the time just before it 
enters the jet engine until the time it departs the jet engine. 

ERIC • 21 



PROtULSlON Sy$rBMS FOR AIRCRAFT 

Acceleration rates the average speed increase for each second 
the air mass spends in the engine, and is expressed as feet per 
second per second. As a simple example, suppose the air mass 
entered the engine at a speedy of 100 feet per second. Suppose 
it took three seconds to move through the engine, and that its 
speed at exit, or exhaust, was 1,600 feet per second. To find 
the acceleration of the air mass^, wc subtract the initial velocity 
(Vi) of 100 feet per second from the exhaust velocity (Vg) of 
1,600 feet per second, then divide that figure by the time re- 
quired to bring about the increase (3 seconds). Expressed as a 
formula, it would look like this: 



I 



Acceleration = 



times in seconds 
(1,600 - 100) 1,500 



= 500 feet per second per second 



The term **feet per second per second" is too bulky for use in a 
formula, and is abbreviated to ft/ sec/ sec or, more usually, ft/ 

The formula for dctermming the power, or thrust, of a jet en- 
gine is based on Newton's second law. It is. Force (in pounds) 
= Mass (in slugs) times Acceleration (in feet per second per sec- 
ond), or F = MA. To find the power rating of a jet engine, we 
substitute the word "Thrust" for the word "Force" in the formula, 
since the two mean the same thing in this case. Our formula 
now reads, " , 

. T (ThrusO = ^^2 2^ X Acceleration 

Imagine, then, a jet engine capable of handling 150 pounds of 
air per second, and producing an exhaust, velocity of 1,500 feet per 
second. Assume that the engine is stationary, making Vi zero, 
The thrust could then be computed as follows: ^ 

150 (1,500 - 0) 

T = 




1 

1,500 
T = 6,975 pounds 



•The air mus is measured In stugs* which «rc computed by divldlnt the poundage w^Iltht 
of a ttven volume qt air by the normal acceleration caused by iravlty 02,1 (i/tet^), in 
effect! this eliminates the acceleration caused by travity from our mathematical carculatJons. 
and kWu us a truer Idea of real engine power. 



14 

22 



POWER IN FLIGHT 

Thrust Horsepower 

To get an idea of how thrust of a jet engine compares to horse- 
.power of a reciprocating engine, we may use a formula for deter- 
mining the unit called thrust horsepower (thp). 

This formula is stated, thrust horsepower = ^^'"'^ x^^irspeed 

Tlie figure 375 in the formula is horsepower expressed, in mile- 
pounds per hour, and is simply an expansion of the more familiar 
550 ft-lb/sec, or 33,000 ft-lb/min. 

Thus, if a jet engine with 10,000 pounds of thrust powers an 
aircraft to a speed of 800 miles per hour, tne thrust horsepower 
would be 

10,000 X 800 

'^P = 375 

thp = 21,333. 



WORDS AND PHRASES TO RtMEMBER 



acceleration 
air compressor 
balloon 
dirigible 

external combustion engine 

force 

ft/sec2 

four cycle- engine 
gas turbine 
horsepower 

internal combustion engine 



jet propulsion 

mass 

ME-262 

omithopter 

P-80 Shootmg Star* 

slug 

steam engine 
thrust 

thrust horsepower 
work 



NAMES TO REMEMBER 

Bamett, William 

Borelli, G. A. (bor-EHL-lee) 

Caley, Sir George 

Caproni, Giovanni (kah-PROHN-nee) 
Cecil, W. 

Chanute, Octave Cshah-NOOT) 
Daimler, Gottlieb (DIME-ler) 
da Vinci, Leonardo (DAH VINH chee) 
de Rochas, Alphonsc (duh-rohrSHAH) 
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Giffard, Henri (gif-FAR) 

Hanlein, Paul (HAHN-Hnc) 

Langlcy, Samuel 

Lenoir, J. J. E. Oen-WAHR) 

Lilifenthal, Olto 

Manly, Charles 

Moss, Sanf Old 

Newton, Sir tsaac 

Ohain, Hans von 

Otto, Nikolaus 

Pilchcr, Percy 



Santos-Dumont, Alberto 
Schwartz, David 
Taylor,* Charles 

Tissandier, Albert (tce-jahn-de-AY) 

Tissandier, Gaston 

Watt, James 

Whittle, Frank 

Wright, OrviUe 

Wright, Wilbur 

Zeppelin, Ferdinand von 



j QUESTIONS 

X. .Name one baik difference between the steam engine and the enghie used 
to power the Wright brothers* Flyer. 

2. What was the contribotlon of balloon fliers to saccessful heavier*dian*ahr 
flight? What was the contribation of glider fUers? 

3. Why dH it taice engine makers so long to derise an engine capable of 
powering an aeroj^c? \ ^ ^' 

4. How did Charies Manly's enghte, which he used on the Aerodrome, com* 
pare with the enghie that poweerd the Wright brotiiers' Fiyer? 

5. The theory of ]et. power Is rery old. Why was Jet propulsion not wed to 
power aircraft hi the early days ofariation? 

6. What term Is used to eralnate the performance of the reciprocathig engine? 
The jet enghie? -^.^ 

7. What foimnUs are used to ihid horsepower ^ thrust ratfaigs for enghies? 
Hdw do *1iorsepower^ and ^Hhnisf* compare? 



THINGS TO DO 



1. The development of internal combustion engines forced the development 
of mclals and other materials capable of withstanding the stresses of heat 
and pressure of the new engine. Modem jet' and rocket engines develop 
heat and pressures much greater than the first internal combustion engines. 
Find some good examples of new materials developed as a direc^ result 
of modem propulsion systems. List some uses for Uiesc new materials in 
areas other than propulsion systems. 

2. Although the first men to achieve powered flight were Americans, their 
biggest acclaim and the most immediate folloW*up to their accomplish- 
ment came from Europe. Similarly, pioneering work in rocketry was done 
in the United States, but Europe made far more early use of it than 
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Anicrict. Find out what historical and social factors led to this situation. 
Arc any of the same or similar factors at work today, or has the situa- 
tion been reversed? Explain your deductions and observations. 
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THIS CHAPTER W coneirMd with ^ p«rformonM of th« 
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«i«ng •nolo*, b«9k»nln9 wMi ih* j^^eww cyd* ami Indwdino 
Hif iMctMJtv and rtwoik of cooitn0 tho •n^Tno.^WhMt you 
ffnWi tbto choptw, y«w siwuM bo oblo ten (t> doKHbo tft* 
pewor cydf of tho r«clprofiatln0 tngb^, wphMn^ what 
ha|^>*m during oodi »ttp, (2) oxfkloln. hew dfW 
dtfftr from rpciprdcaHtif •ngUm oik* why dtttdft ar« not 
us#a In qfrcrofti (3) fxplqtn thf 4$#*Hnti choroctertit{cs of 
Mint pnd rddkil •fi«in#t omi^^^^^ mtotfvo advontoaoi qn^ 
d(Mdyant«Kit$; lancT (4) d#ik»>ii>o clt^y )ho workrngs of air 
cooling ond liquid cootind «ytitms fn rociproctoHno alrcroft 
•ngfnif and it!! whkh tt prtf#rrod and why< 



THE AQE of the jpt aircraft has had a profound influence oil 
the thinking of air-minded Americans. The jet suggests speed 
and glanior and, indeed, it provides both. But in the field of 
general aviation— that is, all aviation except commercial airlines 
and military aviation— more than 90 percent of all akcraft are 
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' powered by the "old-fashioned" propulsion system of Jpiston en- 
gine and propeller. This engine, where the pow^r is produced 
by the back-and-forth motion of the pi^ns, is called a rccipro^ 
eating ch^e* ^ ' ^ 

THE RECIPROCATING ENGINE 

The reciprocating engine is dominant in general aviation not^ 
only because it lias been around longer 'than the jet, but because 
it is welji suiti^ for the job it is, called on to perform; that is, to 
deliver efficient, reliable, economical service at speeds below the 
- speed of sound and at altitudes below 40,000 feet. Because of the 
dominance; of this engine,'it is important that we know something 
^ about it. In many ways, you will find that the aircraft's recipro- 
cating engine is similar to the engine in most automobiles, with 
the main differences being that the aircraft engines are more pow- 
erful, more rugged, and, lighter for the horsepower they develop. 
We will begin our study of the reciprocating engine ^y examining 
the mechanical system, where the. power is developed. 

* Tlte Mechanical System 

^Reciprocating engines used in aircraft have certain mechanical 
parts vital to their operation. These parts may be arranged in any 
of several different >yays, but the design of the parts themselves 
remains more or less standard. These vital parts include the cylin- 
der, , the piston, the connecting rod, the crankshaft, the valves, 
and cam shaft (Fig. 7). ^ ■ 

Reciprocating engines used to power aircraft operate on v/hat is ^ 
called' the four^stroke cycle. This means that the piston makes 
four strokes-rmovefflbnts from top center to bottom center of the 
cylii;cler, or txom bottom penfer to fop center—to accomplish the % 
five stages in each complete action cycle. 

The five steps in each cycle are: (i) intake, (2) compression, 
(3) ignition, (4) power, and (5) exhaust. The third step, ignition, 
occurs jus,t before the end of tiie compression step and is thus con- 
. - sidered as a part of the piston's, second stroke. (Fig. 8) 

The pjilinder is the combustion chamber in which the engine's 
power is developed. The piston is designd to fit into the hollow , 
cylinder snugly, but not so tightly as to prevent free up-ana^own 
>74-. action by the piston. A connecting rod links the piston to ^he 
crankshaft, outside the cylinder. The crankshaft is designed to 
convert the piMon's up-and-down motion into the circular motioj 

E^" . •• ■ -27' ■ ' :/ 



KECIf ROCATINO ENGINES 



V BASIC PARTS OP AN 

CVIirY IKtiRKAL COMIUSTfOH 
CHCINe MUST HAVE CEKTA)N' 

iask: fAm^ orock to changc 

HEAT«<TO MECHANICAL tmOX 




AN INTACT VAtVE IS NCCDCD TO IfeT 
THE FUEl INTO THE aOSp aUNOfJt 




THE WSTON, MOVING VATHJN THE 
CYUNOCIt rO«MS ONE OTTHE WAUS 
or THE C0MW3TK>N CHAMtt*. tHE 
PiSTON HAS RINGS WHICH SEAL THE, 
WSTON W THE CYUNOW, PREVENTING 
ANYlOSSOf K>WER AltOUNOTHE 
SIDES Of THEPtSTON, 




THE CniNOER FORMS A PART OP 
THE CHAMIER IN WHICH THE FtfEL 
' tS COMPRESSED AND lURNED 




AN EXHAUST VALVE IS NEEDED TO 
LET THE EXHAUST GASES OUT 




TtJE CONNECTING ROD PORMS A 
UNK lETWEENTHE PlSTO^ 
THE CRANKS 



THE CRANKSHAFT AND CCNNECTiNG ROD CHANGE THE STRAIGHT LINE MOTION 
Of THE fISTON TO A ROTARY, TURNING MOTION THE CRANXSHAH IN AN AIRPLANE 
ENGINE ALSO AISORW THE POWER OR WORK FROM AUTHE CYllNOERS AND TRANSFERS 
IT TO TVIE PROPELLER. 

Figure 7. Svtry int*rnat combOsllon tnglnt must hav* c«rlQm basic parts in ard^r fa 
chang* h*at Inta mechanical energy. This illustration shows the basic parts of tho 
reciprocating engine and the functions they serve in the conversion procesi. 
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Figurt 8. Th« mov«m«nt of tho piston up ond down In th« cyllndtr tronsmlts energy 
to th« cronkshoft, which turns the propeller. The process thot supplies power to the 
piston is the four-stroke engine cycle exploined here. 

required tectum the propeller, which is attached to the end of the 
crankshaft. As figure 9 shows, the crankshaft is not straight, but 
has throws, or bends in it. The connecting rods are attached to 
these throws; ' 

At the top of the cylinder, in the cylinder'head, are located two 
valves, an intake valve and an exhaust valve. The opening and 
closing of thesd valves allows the fuel to enter the cylinder and 
the exhaust gasevto leave it. As illustrated in figure 10, this 
opening and closing is regulated by a rocker aroii a spring- 
loaded finger-like device. The rocker arm is actuated by rings 
or lobes on a cam shaft, which is located adjacent to the 
crankshaft. The cam shaft is connected to the crankshaft through 
a series Qf gears. 

Thi*^ camshaft-crankshaft connection provides synchronizatiou of 
both shafts, the valves, and the piston. The rings on the cam 
shaft — the cam rings — are made off-round, or eccentric. By press- 
ing and releasing the tops of the valves in a timed sequence, the 
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cam rings act to insure that each valve opens and closes at the 
proper time in the cycle. 

^ With all of this in mind, then, let us look at the action shown in 
figure 8 that produces the power that drives the propeller. 

Intake Stroke. — The piston begins the cycle from the location 
at top center of the cylinder. Movement of the piston downward, 
toward the bottom of the cylinder creates a vacuum or area of v 
reduced pressure inside the cylinder. ^ When the intake valve at ' 
the top of the cylinder opens, the incroased volume and lower pres- 
sure inside the cylinder allows the pre-mixed fuel and ah" charge to 
enter the cylinder through the intake valve opening. 

Compression Stroke. — The piston rever-es its direction, starting 
back toward the top of the cylinder. Both the intake and the ex- 
haust valves are closed, due to the cam ring action. The piston de- 
creases the volume inside the cylinder, compressing the fuel mix- 
ture into a small space. Just prior to the end of this stroke, about 
20 or 30 degrees of crankshaft rotation from the top of the cylin- 
der, a spark from the spark plug ignites the fuel. The momentum 
of the piston*s upward movement carries the piston to the top 
of the stroke. , 

Power Stroke.— The fuel mixture, ignited by the spark, is 
burning now as the piston again revei-ses its direction. The burning 
fuel forms a large volume of gas, which creates tremendous pres- 




Flpurc 9. Thft pUton Is connected to the crankshaft by connecting rods. The throws, or 
btndt. In the crankshaft are ttaggerod to obtain a continuing turning niotion from the 

piston power. 
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Fi0^r« 10. Th« camshaft/ connictcd to Iht crankshaft through gears, moves a push 
rod a timed sequence. The push rod operates a rocker arm. The rocker arm forces 
the intalce ai^d exhaust valves in the cylinder to open at the proper time tn the four- 
s^trake cycle. When the rocker arm iiftS/ the valves spring dosed. 

sure, This pressure; drives the pj?ton down forcefully. This power 
stroke is theSvhole reason for an fengine. 

Exhaust Stroke. — Slightly befbre the piston reaches its down- 
ward limit and reverses direction once more, the exhaust valve 
at the top of the cylinder opens. As iht piston moves upward on 
its final stroke of the cycle, it forces the spent gases out of the 
cylinder. As the pistoh reaches the top of its final stroke, the 
exhaust valve closes and the cycle begins again. 
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This four-Stroke cycle occurs at the same time in the other 
cylinders of Uie engine, but no two cylinders are at the same stage 
of the cycle at the same tune. The cylinders are timed to fire in 
sequence so as to turn the crankshaft smoothly, transmitting power 
from it to the propeller. The sequence of ignition of tiie cylin- 
dersln-the engine is called the firing order* 

Each cylinder goes through a complete cycle approximately 
1,000 tunes every minute the engine is in operation. An engme 
with 18 cylinders, then, furnishes the propeller with about. 300 
power strokes per secopd. 

^ Diesd Engines 

The aircraft engines we are discussing, use a mixture of gasoline 
and air for fuel. You may be familiar with another type of engine, 
the dieseL This is the powerful engine used on railroad trams 
and most heavy trucks today. Diesel en^es are not used on 
modem aircraft, primarily because they are too heavy. 

The diesel engine^ named after Rudolf Diesel, its inventor, 
works on much the same same principle as dqes the four-stroke 
cycle gasoline engine we have been discussitig. But its fuel is an 
oil that is not nearly as combustible as is gasoline. In fact, there 
is no explosion as such in the operation of a diesel engine. The 
diesel has no need for spark plugs and carburetors. 

A basic difference in the operation of gasoliae and diesel en- 
gines is that on the compression stroke oi the diesel, no fuel is yet 
in the cylinder. The piston compresses air only. 

Compressing a gas, such as air, makes .tlie gas hot. In the gaso- 
line engine, the gasoline-air mixture may bfe compressed to about 
one-ninth its original volume. If compressed more than that, it 
will explode. The explosion would, of course^ prevent the piston 
from reaching the top ^ of the cylinder and the engine would not 
work. 

In the diesel engine, however, the air in the cylinder is com- 
pressed to about one-fifteenth its original volume. The temperature 
of the air in the cylinder rises above the burning point of the fuel 
oil. At the top of, the compression stroke, the fuel oil is injected 
under pressure into the cylinder and bums immediately. The ex- 
panding gases force the piston down and supply the power, just 
. as in the gasoline engine. 

The diesel would seem to offer advantages for use in aircraft. 
Since the fuel oil is not as combustible, it would be less likely 
to explode in case of a crash. Moreover, it is cheaper than gas- 
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oline. But although the diesel provides more power per cylinder 
than does the gasoline engine, it does not provide as much power 
per pound of weight. The reason for this is that the diesel engine 
must be built very strongly — and very heavily — to withstand the 
tremendous pressures of the compression inside the cylinders. For 
this reason, the diesel is considered too heavy for aircraft use. 
The diesel engine also is more sluggish than the. gasoline en- 
gine and does not react as quickly to the throttle. It is better 
suited to use where weight is not too important and where econ- 
omy is needed. 



Typts of Reciprocating Engines 

constant concern of engine manufa(?turers is tlie problem of 
how to get more horsepower from their engines. In designing 
reciprocating engines, there are two basic ways to accomplish 
this end: we may increase the number of cylinders in the engine, 
or we may increase the size of the cylinder. 

The practical limitations on increasing the size of the individual 
cylinders are so restrictive that manufacturers have concentrated 
on the other design method, the development of multi-cylinder 
engines. Not the least advantage in using this method is the added 
smoothness of po^er supply, brought about because of the added 
number of power strokes per revolution of the crankshaft. ./^ 
^ Manufacturers have come up with several different engin^ de- 
signs and configurations to accommodate the addition of cylinders. 
The most common designs in use today are shown in figure 11, 

IN-UNE. — The in-line engine is one in which the cylinders 
are located in ar row, one behind the other, along the crankcase 
(the casing through which the crankshaft runs). The cylinders, 
then, are "in line," Hence the name of the engine. 

To accommodate additional cylinders, the crankshaft must be 
lengthened and its number of throws must be increased. 

If the cylinders are located above the crankcase, the engine type 
is called upright. Most early automobiles used upright in-line en- 
gines. If the cylinders are below the crankcase, thfc engine type 
is called inverted. 

Opposed.— One type of engine has two rows, or banks, of 
cylinders, one row on each side of the crankcase. .The rows of 
cylinders are directly opposite each other, and the engine type is 
called horizontal opposed. 

V AND X. — Aircraft engines can come in' a variety of designs, in- 
cluding the "V" and the "X." The "V" engine features two rows 
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Fijurt 11. Th« most common arrangtmtnSs of aircraf* cngm* cylindtrs ar« ihown htrc. 
Otn«rally, the htavUr and mor* pow«rful aircraft arc filled wilh radial engines, Ihc 
tmalUr crafi Wilh ih» olhtr types. " 



of cylinders set at an angle of about 45 degrees. The "X'* 
en^ne (not a common engine) is essentially an opposed "V'' 
engine. 

In the manufacture pf these engines, the cylinder heads may 
be cut separately or flie whole bank of cylinders may be cast 
m one block, then machined to specification. Usually, the cooling 
system the engine will use determines the way in which the 
cylinder heads are made. If the engine is to be cooled by air, 
the individual cylinder heads usually are cast separately. If liquid 
cooling is to be used, the heads usually are cast in one long block. 

Non*radial engines >re used in almost all of the smaller air- 
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craft. The type of engine used most often for these light planes is 
the horizontal opposed, due tp its streamlining advantages.^ 

The engines used to power light aircraft are usually air cooled, 
which eliminates the need for the extra weight and niachmery 
of the liquid cooling system. The larger, more powerful non- 
> radial engines employ the liquid cooling system, however, because 
it is very difficult to cool the rear cylinders ^th air. ^ 
, Since lightness is unportant in small aircraft, liquid coohng is 
avoided. But the use of air cooling unposes limits on the number 
of cylinders that can be built into a^ pon-radial engine. The limi- 
tation on the number of cylinders restricts horsepower. The net 
result is that such engines rarely produce more than 250-300 horse- 
power. More powerful non-radial engines are available, but they 
must use liquid cooling. Where the demand is for more horse- 
power, plus the weight advantages of ak cooling, the radial en- 
gine is usetf. • 

Radial Engines.— The radial engine features a crankshaft wim* 
only one throw. The cylmders are ananged around the crankshaft 
in a circle in such a manner that all the cylinders and* connecting 
rods contribute their power througli the single throw. One^ of the 
cylinders is designated as the master cylinder. The connecdng rod 
. from the piston in this cylinder is called the master rod, and at- 
taches to the throw of the crankshaft. 

Other connecting rods, called ariicolating rods, connect the other 
pistons to the large end of the master rod. The master rod, how- 
ever, is the only rod that is connected directly to the crankshaft 
itself* 

The radial engine always has an odd number of cylinders in 
each bank. This feature is required by the fuing order of the 
four-stroke cycle, to assure an even delivery of power to the 
. crankshaft. Figure 12 shows the typical firing orders for radial 
engmes. 

The maxhnum number of cylinders in each bank is usually 
nine. Where more power is needed from an engine, additional 
banks of cylinders may be added behind the first bank. If more 
banks are added, the crankshaft must be lengthened to accomo- 
date tlie master cylinders in each additional bank. These extra 
banks operate in the same manner as does the original. In effect, 
a radial engine with two banks of cylinders is two engines work- 
ing together, one behind the other. The design of the radial 
engine features fewer working parts and less weight than that of an 
in-line engine developing comparable power. 

The radial engine is air cooled. WTiere morb than One bank of 
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3CYU 




FIRING ORDER: l-3-5^2:u4l 



5 CYU ' 



FIRINabRDER: 1-3-2 



7CYL. 




FIRING ORDER: 



FIRING ORDER: 
l*3-5.7*9*2\4*6-8 



Figurt 12. To kttp tht crankihoft turning smoothly, tht tnglnt'i cylinders art dtslgntd 
to firt not Jn numtrlcol ard^r, but according to tht btjt firing order for tach tnglnt. 
By stoggtring tht firing, tht tnglnt makts tht bt»t ust of tht powtr from tht 

cyllndtrs. 

cylinders is built into the engine, the air passes through the first 
bank and encounters a series of baffles. These baffles direct the 
air around and through the other banks of cylinders to cool the 
orear of the engine. 

It is not uncommon to see radial engines with three banks of 
cylinders. Such engines can develop more than 3,500 horsepower 
each. When more power is needed, the radial engines may be used 
in sets of two, or even in groups of up to six engines. 



Manufacturers prefer the air-cooled radial engine for the heavier 
aircraft and the air-cooled in-line engine for planes requiring less 
than 300 horsepower per engine. 

The propulsion system composed of a reciprocating engine and 
propeller is efficient at speeds up to about 400 miles per hour and 
at altitudes below 40,000 feet. Such a system can create a large 
amount of thrust at low speeds and so can get an aircraft off the 
ground after a relatively short takeoff run. This propulsion system 
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can carry more weight farther, and on less fuel, than any other Irind 
of propulsion system in its speed range. It is dependable, and* has 
become, ihrou^ years of development, rugged and sunple to main- 
tain. , 

The propeller-reciprocating engine system of propulsion can pro- 
vide very fast acceleration. The engine responds immediately and 
can change from a low to a high power output in a very short* per- 
iod of time. It is versatile and efficient. That is why, in this age 
of powerful and very fast jet planes and rockets, the propeller- 
driven aircraft, powered by the reciprocating engine, is still seeing 
extensive use. 

HEAT AND COOLING 

Reduced to essentials, the purpose of an engine is to pro- 
duce energy, and this energy is in the fonn of heat. Without heat, 
the engine would not drive the propeller. But that same element—- 
he^t — is the primary source of wear and tear on the engine. 

WTien the fuel and air mixture bums in the Cjiinder of an engine, 
about one-third o£ the resulting heat drives the piston downward. 
This is the only useful energy produced by the engine. Some two- 
thirds of the total heat i>roduced is wasted. Of the lost portion 
about one-half is pushed out into the atmosphere through the 
exhaust valve. The remaining heat — one-third of the total prd- 
duced by the engine — does not escape and does not perform any 
productive work. Instead, it is trapped in the walls of the cylinder, 
in the piston, and in the lubricatmg oil of the cngmc. Unless this 
heat is disposed of, it can destroy the engine. 

There are two ways to carry off tlie excess h^at: by the air 
through which the engine is traveling, or by a liquid cooling agent 
earned along for the sole purpose of cooling the engine. Which- 
ever is used, special features are built into the. engine to assist 
in the cooling. 

One o£ the most noticeable of these features is the system of fins 
or flanges machined onto the head and barrel of the cylinders. 
These fins expose a broader surface to the cooling effects of the 
air. 

In the early days of aviation, air-cooled engines were ex- 
posed only to the direct air current through which the aircraft 
was flying. The air flowed over the engine, canymg off some of the 
excess heat, but that system proved effective onlj at a fairly low rate 
of revolutions per minute by fte crankshaft. 
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With more powerful engines came advances in cooling system 
design. The cooling fins were added to the cylinders and the en- 
gine was enclosed m a cowling, or cover, with a system of 
cowl flaps-and air baffles". 

This system slows down the air to the speed at which it does 
the best job of cooling. The coWl flaps, which control the volume 
of cooling air enteripg the cowUng, can be opened or closed 
by the pilot. This air cooling system is effective not only at cruis- 
ing speeds and normal altitudes, but on the ground and at higli 
altitudes (Fig. 13). 

On the ground, the only ak available to cool the engine is 
that produced by the propeUer's acUon. In this situation the engine, 
as you can imagine, tends to run hot. In contrast, the air at high 
altitudes is very cold, and m addition, a greater volume of air is 
available due to the movement of the aircraft. In this situation, 
the engme tends to run colder than its most efficient operating 
temperature. Since the pilot can control the opening and closing 
of the cowl flaps, he can incrcisis or decrease the cooling ability 
of the m and keep his engine near to the most efficient operating 
temperature. * 

Another development, called an angmenter tube, is a tube 
placed behind the engine. .The exhaust gases flow through the 
tube and by use of BemoulU's principle, create a pressure dif- 
ferential between the air inlet and the ouUet. The result is a suc- 
tion effect which pulls the air through the engine faster, and makes 
air coohng more effective on the nround. 




Flflurt 13. Th. cowltns .Irudur. of an atr-tooltd enfitnt U dtstgntd to gtt Ih. cooling 
dr to whtr. It I, nwdtd and k.tp Ih. air cireulallna around Ih. cyllnd.r.. Th. pllol 
can conlrol Ih* air flow by opening or cloitns Ih. cowling flapi. 
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Fiflwr* 14. Tf»« liquid cooltng iyil»m is mor« compUx ihon lh« olr cooling m«lhod^ 
requiring plumbing, pumpi, and rodiolorj lo kwp lh« tngln* cool. Its p«rformonc« 
h superior, how«v«r, on non-rcdicl cngtnaj wlh many cylnd«rf. Thli drowlng Iracti 
tht flow of Iht Jlquld cootont through th« cngln*. 

The liquid cooling system on an aircraft works in much the 
same manner , as does tlie liquid cooling system on most iuto- 
mobiles. In this system, the coolant flows m a blanket through the 
engine block and around the cylinders. The liquid— usually ethy- 
lene glycol on an aircraft— circulates through a system of pipes 
to a radiator, wherejtjs^cqoled by air before repeating its journey 
through the engine block (Fig. r4)T 

Proponents of the liquid cooling system claim that it cools more 
evenly, and therefore better, than does the air c6oling system. It is 
more compact and usually can be built Vfiih a smaller frontal area. 
But since the liquid system is more costty to build and more com- 
plicated to maintain than is the air cooling system, it has been 
nearly abandoned by United States aircraft engine manufacturers 



CONSTRUCTION MATERIALS 

^ Since the heat generated in an engine is so intense, manu- 
facturers must be careful in choosing materials that can withstand 
the heat and keep their strength and shape. ^ 
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The cylinder Is the heart of the engine's active, and is therefore 
subject to very high temperatures and pressures. The cylinder bar- 
rel— the body of the cylinder — and head must be very strong. The 
cylinder is made of a high-grade steel alloy machined to very 
close specifications. The mside of the cylinder is highly polished 
and is very hard. The cylinder head is made of cast or forged 
aluminum alloy and is shrunk onto the cylinder barrel. 

The shrinking process consists of heating the cylinder head, then 
screwing it onto the cyUnder barrel. The inside of the cylinder 
head is slightly smaller in diameter than is the outside of the 
cylinder barrel Both are threaded. Heatmg expands the metal of 
the cylinder head so that it may be screwed onto the barrel. 
When the metal, cools, the head shrinks to it^ original size and 
is locked tightly into place. 

The valves also are subjected to intense heat and high pres- 
sure. They are made of tungsten steel or chromium steel, which 
provide strength at high temperatures. The faces of the valves 
— that portion which is actudly exposed to the heat inside the 
cylinder — are coated with a thm layer of steUite, \yhich resists 
pittmg and burning. The mtake valve usually is splid,^ but the 
exhaust valve is hollow. The hollow center is filled mth salt 
solution of metallic sodium, which conducts the heat away from 
the valve head (Fig. 15). 

The pistons are made of forged or cast aluminum. Aluminum i^s 
used for the pistons because it is strong, it has compatible charac- 
teristics with the steel of the cylinder barrel, and because alumi- 
nuni pistons are light enough to stop at the end of each stroke 




HOLLOW HEAD TULIP TYRE 

MUSHROOM TYPE (EXHAUST) (USUALLY INTAKE) 



FIgur« 15. Tht cut away drawing of tngint valvts shows two difftr«nt typtt of valves 
tn us« today. Tht sodium chamber Intldt tht hollow htad mushroom vdlvt htlps to 
gtt tha high htat of tht txhaust gasts away from tht valvt htad quickly. 
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without causing undue stress on the other faechanical parts. Alum- 
inum is also a good heat conductor and is therefore easy to cool. 

The connecting rods are made of steel and the piston pins, 
which connect the connecting ro<J& 1o the pistons, are made of 
tough 'Oickel steel. J 

The heat on the crankshaft is produced primarily by friction, 
and not by the action in the cylinder. But the crankshaft is sub- 
jected to thetmost violent twisting .movement and must be 
made of. very strong material to withstand the forces exerted on 
it. Therefore, the crankshaft is made of chromium steel. The 
crankcase is usually made of aluminum in smaller engines and of 
< steel in the larger ones. 



WORDS TO REMEMBER 



articulating rod 


four-stroke cycle 


augmenter tube 


general aviation 


bank 


^ in-line engine 


cam ring 


'^ intake stroke 


camshaft 


intake valve 


compression stroke 


master cylinder 


connecting rod 


master rod 


cowling - 


mechanical system 


crankshaft 


opposed engine 


cylinder^ 


piston 


cylinder barrel 


power stroke 


cylinder head 


radial engine . 


diesel engine 


reciprocating engine " 


exhaust stroke 


rocker arm 


exhaust valve • ' 


shrinking 


firing order 


throw 



QUESTIONS 

1. What are the principal parts of the reciprocating engine? 

2. Name the Ave steps in the operation of the ,four*sfroke engine. 

3* What is the function of the cylinder in the reciprocathig enghie? What is 
the purpose of the cranlcsl^ft? 

4. iOesb'ibc the action of a fo^i^stroke engine. 

5. Why arc diesel cnghies not used in aircraft? 
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6. What Is tQ «tolliie- engine? What is a "radial- engine? Name some 
advantages of each tg?e. 

7. Nwne some advantages of the propuliiwi sysfemfxomposcd of a rcdpro* 



8. What percentage of the heat developed hi the chamber h used to drive 
the pisiJa downward? What happens to Ihe remahilng heat? 

9. Describe the advantages and disadvantages of air coolhig as compared 
to liquid coolkg. 

10. What is meant by the description of a car engbxe as an ♦'overhead cam 
V-8 enghie^ 



1 Diesel engines were tried experimentally on aircraft in the early 1940s, 
but were found unsuitable. Find out if advances in the development of 
strong, light-wcight metals and improvements in dicscl design have revived 
the prospccU of diesel aircraft engines. Report to the class and explain 
your findings, whether positive or negative. 

2. Some modem automobiles are equipped with rotary engines, said to 
develop about twice the power of a piston engine of the same weight. 
Many early aircraft— including the Sopwith Camel of World War I 
fame—used rotary engines. Find out what caused this engine to fall 
mto disuse. Are there any plans to revive the rotary engine for aircraft 
power? 

3. Visit your school auto shop. Can you identify the various parts of the 
engine from the discussion in this book and class? Can you explain 
how they operate? 
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THE CYLINDERS, pistons, valves, crankshaft, and related 
^ parts that we have discussed make up only one section of the 
engine, the section called the mechanical system. If fact, there are 
a number of engine sections which work together to provide power 
to move the aircraft. These different sections all must work prop- 
erly within themselves and in cooperatioA with all the other sec- 
tions if the total engine is to function well. 
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It is only for convenience in study that we divide the engine 
into its different systems. With that fact in mind, in this chapter we 
will examine engine sections other than the mechanical system and 
the cooling syjstem. These other sections include the fuel system 
(including the carburetor), lubrication system, ignition system, and 
propeller 3ystem, .their related parts, and their functions as parts 
of the whole engine. 

FUELS 



The fuels in use in today's aircraft are the result of extensive 
experimentation in search of the best fuel for the most reasonable 
price. The most common forms of aircraft fuels are the hydro- 
carbons derived from petroleum. 

Hydrocaibon is the descriptive name chemists use for materials 
which contain only the chemical elements hydrogen and carbon 
in their structure. The principle hydrocarbon fuels used in aircraft^ 
power today are gasoline and refined kerosene. These fuels, ajs 
well as diesel fuel, fuel oil, lubricating oils, and other products^ 
all are distilled from petroleum (Fig. 16). 

The gasoline and kerosene used as aviation fuels offer several 
advantages: 

1. They are volatile. They evaporate quickly and can be mixed 
easily with air to form a combustible mixture. 

2. They have relatively low flash points. That is, when they 
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Fisurt 16. in tht fractional dittitling process, crude oil It heated to a moderate 
temperature under ncrmal atmospheric pressure. Tho vapors from the oit ar« condensed 
to liquid compounds. The hishly volatile fluids are vaporized first and the fuels with 
higher boiling points later. 
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arc mixed with air they ignite at relatively low temperatures. K 
the flash point of a fuel is too high, the result is difficulty in 
starting the engine. 

3. Petroleum-based fuels have low freezing points. This is mt- 
portant when the aircraft is operating in the low temperatures 
of high-altitude flight. It also comes in handy when the fuel must 
be stored in the cold temperatures of the northern regions. 

4. They have a relatively high heat content. This means there 
is much potential encigy within the fuel which may be converted 
to kinetic energy as the fuel burns. Potential energy is ^that energy 
which is at rest. Kinetic energy is energy actually at work. 

5. The fuels are relatively stable. They can 'be easily handled 
using fairly simple safety precautions, and they will not deteriorate 
when stored over long periods of time. 

6. They are readily available at relatively reasonable cost. 
The petroleum from which gasoline and kerosene are derived, 

is found deposited in most regions of the world. Petroleum also 
is the source of automobile gasoline and other common fuels. But 
the fuels used in aircraft require stricter control m production 
than do the "ordinary" fuels used in automobiles. These controls 
are important because a failure in the engine of an aircraft can 
be much more serious than a failure m a car engine. A pilot can- 
not just pull over to the side of the road and call a mechanic. 



Aircraft fuel must be highly volatile so tliat the engine will start 
easily. But it must not be too volatile, or trouble can result. 
^ One result of too much volatility is vapor lock. In this condi- 
tion, the gasoline "boils** in the fuel line before it reaches the 
carburetor. This boiling causes gas bubbles to form in the fuel 
line. The bubbles block or partially block the flow of the liquid 
fuel, so that an insufflcient amount of fuel gels through to op- 
erate the engine. 

Too much volatility also can lead to carburetor idng. We know 
from science that vaporization of a liquid requires heat. The heat 
used for vaporization * of aircraft gasoline is taken from the air 
and from the metal surroujnding the fuel. Gasoline of high volatility 
extracts this heat very quickly. When too much heat is taken from 
the metal parts for vaporization, the j:cmaijaing cold will cause ice 
to form in the carburetor and interfere with its operation. The 
carburetor, which will be explained more fully later in this book, isr- 
the device which mixes the fuel and air to the proper proportions 
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for engine operation. If the carburetor does not operate as it should, 
the engine will fail. Various tests are performed on aircraft fuels to 
insure that they are volatile enough for efficient engine opera- 
tion but not too volatile fpr safe operation. 



The odMM mtiflg of aircraft fuels also is important as a meas- 
ure of ability to prevent knodk, the abnormal combustion of fuel 
in a cylinder. Ip fact, manufacturers specify the octane ratmg of 
the fuels which wiU function best in each engine. The octane 
rating is simply a nmnber describing the antiknock performance 
of the particular gasolme. A fuel of low antilcnock value, used in 
a high-performance engine, may cause dangerous consequences. 
These include fuel knock, detonation and pre-ignition. 

Fuel knock is the result of uncontrolled burning of the fuel in 
the engine*s cylinder. The fuel charge may bum evenly^ part of 
the way across the cylinder, then unevenly across the remainder 
It may damage any of several vital engine parts. 

Detonatioii is sunilar to fuel knock. It may be described as an 
uncontrolled explosioa of the fuel in the cylinder, as shown in 
figure 17, due to spontaneous combustion. It is severe fuel knock 
which creates extreme pressures on the valves, pistons, atid the 
cylinder head, pressures that are sometimes severe enou^ to com- 
pletely wreck the cylinder and its parts. 

Pre«igiiitioii results when the compressed charge in the cylinder 
ignites before the electrical charge from the spark plug can jump 
the gap between the spark plug's electrodes, or points. This upsets 
the timing of the engine and ialso can cause damage, such as 
backfiring or feeding back the flame from the cylinder through 
the carburetor. Backfire may also be caused by an excessively 
"lean" mixture (which will be explained later) that is still burning 
when the engine cycle is completed. Pre-ignition, fuel knock, 
and detonation may be caused by malfunctions of the mechani- 
cal part of the engine, but they may also result from the use of 
low-grade fuel. That is why the gasoline to be used nlust have 
the proper octane rating. ' 

The octane rating gets its name from one of the hydrocarbons 
contained^in the fuel, called iso-octane. Iso-octane has high anti- 
knock properties, while the other common hydrocarbon in fuel, 
heptane, has low antiknock properties. 

Tlie oetanc rating, applied to a particular fuel originally indi- 
cated the percentage of iso-octane contained in the fuel. Because 
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EXPLOSION DETONATION 



Fioi.r> 17. Undir condiliont^of normal combustion, downward pr*ttur« on tht pitton 
It tmooth and ev«m •tonatton occurs, th« pr«tturt It tuddtn and vioUnt. 

of its high antiknock properties, pure isoroctane was " arbi- 
trarily given the number 100 to describe its antiknock perfoimance. 
For example, a gasoline rated 65 octane would be a mixture 
containmg 65 percent iso-octane. But you ma^ have seen fuels 
with octane ratings above 100. This is possible, because chemists 
discovered that certain other elements blended into fuel with a 
high percentage of iso-octane actually could increase the anti- 
knock perfonnance of the fuel beyond the level of pure iso- 
octane. The most commonly-used of these blending agents are 
alkylate, naphtha, and tetra-ethyl lead. 

Thus, a fuel witli an octane rating of 130 would contain 
70 to 80 percent of iso-octanc, plus a quantity of other blend- 
mg agents. The octane rating no longer describes merely the 
percentage of iso-octane in the fuel, but is a rating of the fuers 
antiknock pelformancc. 

]Fuels with high octane ratings are used primarily in large en- 
gines specifically designed for them. The high antiknock prop- 
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crtics of this high octane fuel allow higher compression of the 
fuel in the cylinder before it is ignited. The higher compression 
in turn yields a stronger "explosion" of the fuel charge when it is 
ignited, and more power from each cylinder. 

Now that we know the nature of the aircraft*s fuel, let us see 
how that fuel finds its way into the engine and through the fuel 
systcni. 

> 

THE FUEL SYSTEM 

\ 

■ 1 

The fuel system is a networj^. of tanks, lines, gauges, pumps, 
strainers, and screens. Its purpose is to deliver a steady flow of 
clean fuel under constant pressure. This, delivery must continue 
at all operational altitude^ of the airplane, and in all of the planers 
positions, or attitudes, including diving, climbing or even flying 
upside down for short periods? as well as level flight. To be sure 
these requirements are met, gravity-feed or mechanical pumping is 
employed. ,^ 

Fuel Feedlnfft 

The gravity-feed fuel system, the simplest type us^, is common 
in small planes whose engines have relatively low horsepower. 
In this system, the fuel tank is located above ,flie level of the 
carburetor inlet. The pressure behind thp fuel flowing through 
the lines is built up by the weight of the fuel behind it, flowing 
from the higher level of the tank to the lower level of the carbure- 
tor inlet. 

The gravity-feed fuel system is light-weight, easy to maintain, and 
simple in design and operation. But it is not suited for high- 
powered aircraft, nor for extended acrobatic flight, since no fuel 
would flow during inverted flight. 

The force-feed fuel system^ features an cqgine-driven pump 
^vhich draws the fuel from the tank and forces it into the carbure- 
tor. The use of the pump means that the tanks do not have to 
be located above the carburetor but may be placed wherever 
there is ample and convenient space. Auxiliary pumps are in- 
cluded in the system in the event of main fuel pump faihire. In 
small aircraft, a hand powered pum^, called a wobble pump^ 
may suffice; but most modern aircraft, large and small, are 
fitted with electrically-powered auxiliary pumps. The pump ar- 
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FUEL COCK 



flQurt 18. Fu«l tyittm with tht pum|i», arrahgtd In strfts. Tht auxilbry pump Is us«d 
durino Jtartlftfl qf iht tngmt, durtng tokt-aff and landma, during high*<]it»ud« 
flight (abovt 10,006 ft), and In tmtrg«ncy operations. 

rangement of a typical fuel system, in a small aircraft is shoWn 
in figure 18. 

The force, or pressure, system used in larger planes delivers 
tlie high fuel pressure required by many modem aircraft carbure- 
tors. Since the cpiistant supply of fuel is assured, the plane has 
more maneuverability. 

A series of ^trainers and screens is included m the fuel system 
to assure that water, dirt, anu other foreign matter do not get 
through the system. If these elements, were able to go through the 
fuel system, dire consequences could result. For instance, water 
is heavier than gasoline and settles to the bottom of the tank. 
When the aircraft is in flight, the water may get mto the fuel 
lines, freeze at high altitudes and block off the flow of gasoline 
to the engine. A tiny particle of dirt may block off the metering 
jet ill the carburetor and wholly or partially block the gaso- 
line's flow to the engine. In either case, the engine fails either 
partly or completely^. To be sure that these impurities are not 
present in the fuel system, the ground crew usu^ checks the 
strainers, screens, and traps for accumulated WSter and dirt im- 
mpdiately after refueling the aircraft. 

^ ' . Cirburetlon 

Once the^ gasoline has been filtered, screened, and otherwise 
purified, it is ready for its final preparation before it can go to 
work in the engine: it must be mixed with air. This step) called 
carburction, is necessary because gasoline in its liquid form bums 
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too slowly for good engine performance. Mixed with air, how- 
ever, gasoline is the most saUsfactory fuel yet discovered for mt 
in reciprocating engines. Several tunes in this book we have 
mentioned the device that mixes the air and gasoline to the proper 
proportions for slow, even, complete burning. It is, of course, the 
carburetor* 

The carburetor must be capable of measuring the gasohne and 
air mixture to the right proportions for the best operation of the 
engine. The ideal mix is considered to be about 15 parts of air 
to one part of gasoline. These proportions are decided by weight, 
not by volume, because volume varies with changes in tempera- 
ture'' and altitude effects on the density of air (Fig. 19). Thus, the 
ideai fuel mixture would be about 15 pounds of air to one pound 
of gasoline. A mixture with a higher ratio of air is called a lean 
mixture^ while a mixture with a lower ratio of air is said to be 
rich. 

Gasoline will bum in a cylinder when it is mixed with ak in a 
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ratio of between , 8:1 and 18:1, that is, when the mixture contains 
between 8 and 18 parts of air, by weight, to 1 part of gasolme. 
Generally speaking, the 15:1 ratio is nearly ideal for the best 
power production. One interesting difference in the aircraft en- 
gine's carburetor and the carburetor in an automobile en^ne is 
this: the pilot may change the mwture control settings of his 
carburetor while the .aircraft is in flight, while th? automobile 
driver has no such controls available on his dashboard. A rich 
fuel/air mixture is used at high and low aircraft speeds, while a 
slightly lean mixture is more efficient at medium, or cruisipg, 
speeds. 

An overly rich mixture may result in the engine's running 
'*rough." An overly lean mixture causes loss of power and may 
result in overheating in the engine.. This overheating may cause 
detonation in the cylinder or backfirmg through the carburetor. 

A backfire may occur if the fuel mixture in the cylinder is still 
burning when the intake valve opens to begin the next power cycle. 
The burning fuel ignites the fuel in the intake manifold outside 
the cylinder and chain reaction feeds the Kre back into the carbure- 
^ tor. Severe damage can result from this occurrence. 

The carburetor must be designed and controlled so that it mixes 
the proper amount of gasolme with a ^ven amount of air. More* 
over, the carburetor of a modem airplane must operate well in a 
variety of situations. It must be capable of changing automatically 
to accommodate diherent engine speeds and altitudes. 

These requirements have brought abdut increasing sophistica- 
tion so that moden), high-performance carburetors have become 
quite complex. In this section, we will explore the basic workings 
of the carburetor and look at some of the devices developed to 
insure its constant, efficient operation^ 

The carburetor makes use of Bernoulli's prindple, which states 
that as . the velocity of a fluid at a givc\Q point increases, the 
atmospheric pressure at that point decreases, andV the venturi 
tube, which puts Bernoulli's principle to work (Fig. 20). 
# 

Carburetor Operation 

Thfere are two types of carburetor. They are the float carbure- 
tor, whi<ih is dependent on atmospheric pressure for its successful - 
operation; and the pressure mjection carburetor, which uses pres- 
sure developed by a pump instead of that supplied by the atmos- 
phere. 

The simplest kind of carburetor is the float type, used on small 
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FIgurt 20. Whtn tht air flow ipttds up to gtt through tht carburttor's vtnturl (lomt* 
tlm«s calUd a chokt tubt), pressure drops In tht vtnturi, ollowing futl to bt pushed 
through tht ditcharQt jtt. 

planes. It serves well to illustrate the basic operation of all carbure- 
tprs. The float carburetor consists essentially of (1) a float chamber, 
(2) a main metering jet, (3) a discharge tube and nozzle, (4) a 
carburetor barrel, and (5) a throttle valve (Fig. 21). 

The fuel is fe(ji from the tanks into the float chamber, a 
reservoir used to insure a constant level of fuel within the carbure- 
tor. The float is connected to a needle valve and operates similarly 




Figurt 21. Outltntd Mction shows how tht ccirburttor works In connoctlon with tht 
othtr tngint parts to fttd futl to tho eyimdtr through tht Intake vaWt opening. 
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to the float system in the tank of modem bathroom plumbing. 
As the fuel level in the chamber drops, the float drops with it, 
allowing the needle valve to open. When that valve opens, more 
fuel enters the chamber, the float rises again and the valve closes. 

The fuel moves out of the float chamber through the metering 
jet, which measures it into the dischsuge tube. The discharge tube 
nozzle atomizes the gasoline— that is, breaks it up into a fine spray 
—as it dispenses the fuel into the carburetor barrel. The carburetov 
barrcl,^ shown in figure 22, is an air chamber built in the shape of t\ 
venturi. That is, it is constricted to increase the velocity of the air 
flowing through it. As the velocity increases, the air pressure drops, 
creating an area of lower pressure and a suction effect which forces 
the .atomized gasoline spray out of the discharge tube. The throttle 




Figur* 22. Tht throtti* vaiv« rtgulatiis tho opening rn tht carburttor barffi tn 
rtsponst to thi pllol'i moY«m«nt of hit throttU controls. Tht air blod httpt th« futt 
io flow <rn%\y out.tht dltchargt nozxU. ^ 
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talve, set in the carburetor barrel downstream of the venturi, 
regulates the air flow through the carburetor. It is opened or closed 
by controls operated by the pilot. ^ 

Figure 21 shows what happens outside the cylinder when the 
pilot starts his aircraft's engine. When the engine starts, the throt- 
tle valve, opens and the carburetor goes into action. The piston 
goes downward in the cylinder on its intake stroke, creating an 
area of lower pressure, above it. The intake valve, aljove the pis- 
ton opens into the intake manifold, which is the pipe that sup- 
plies all the cylinders with the fuel mixture prepared in the 
carburetor. When the intake valve opens, air is pushed through 
the carburetor toward the cylinder. As the air rushes past the dis- 
charge nozzle and through the venturi, Bernoulli's principle goes to 
work and the pressure around the nozzle drops. 

The pressure on the top of the discharge nozzle becomes les? 
than the pressure on the gasoline in the float chamber. This 
pressure differentia|l forces atomized gasoline into the airstream 
of the carburetor barrel, through the intake manifold, through 
the intake valve port, and Into the -cylinder. As the intake valve 
closes in the next step of the cylinder's operation (compression), 
the air/ gasoline mixture continues to come through tl^e intake 
manifold and goes mto the other cylinders. 

As the pilot opens his throttle control to increase engine speed, 
the throttle valve also opens. This allows more air to flow through 
the venturi; the pressure on the discharge nozzle drops more; 
and more gasoline is forced into the carburetor banel. As the 
throttle is closed, tlie reverse takes place. ^The air stream is parti- 
ally blocked by the throttle valve, the pressure rises on the dis- 
charge nozzle, reducing the gasoline flow, and the engine slows. 

When the throttle is in the idle position, the throttle valve is 
jclosed as far as it will go. But the valve does not quite close off 
all of the air traveling ^through the carburetor banel. A small 
amount of air is able to pass the throttle valve along the walls 
of the carburetor barrel. When tl*v* engine is at idle, the /uel 
supply does not come out through the discharge nozzle, 'but 
through a smaller opening above the nozzle, called an idling jet, 
shown in figure 21. 

Carburetor Accessoriei 

There are a number of devices which, Avhile not essential to the 
operation of the carburetor, improve performance to such an ex- 

4B 




OIHBR KNOINB SYSTEMS 

\ 

tent that they are considered vital 'in modem aircraft. Some of 
the most important of these devices are the ecoaomizer, the ac« 
cclcmting system^ the carburetor^ heater^ and the superchaiger. 

The Economizer.— This device, sometimes called .the power 
enrichment system, is designed to supply additional fuel to th^ 
carburetor barrel during high-speed engine operation. It is called 
an economizer because it allows the use of smaller main discharge 
jets durhag normal engine speeds, but increases jet capacity (by 
addmg its own to the total in use) during high-power periods. 
A typical economizer is shown in figure 23. 

Not only does the economizer's extra fuel provide added power 
to the engine by enricffing the f'^el/air mix, it also helps to cool 
the engine by providing more vaporization at high power settlings. 
As we have learned in our science courses, vaporization is a cool- 
ing'proccss. 

Accelerating Systems.— Most modem carburctocs are equipped 
jvith an accelerating system designed to overcome ihe problem of 
temporary lean mixtures which occur when th? throtile is suddenly 
thrown open. Normally, due to inertia (the tendency of bodies at 
rest to remain at rest; see Newton's first law), the fuel supply would 
require a short time to catch up with the increascd^to^ cf air 
flowing through the carburetor pn sudden apcelcia&in. The ac- 
celerating system, such as that shown m figure 24^ overcomes that 
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F{gurt 23. Optratlcn of tht pUton typt cconomtztr tytttm. Econcmlztrs com* \n itvtral 
tyfMs, but all of thtm rttpond to fht prtiiurt differential produotd whtn tht Ihrottit 

It op^ntd. 
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Figurt 24. Whtn Iht throttle Is tuddtnty thrown op«n, the pUton fn the acctftratbg 
systtm ;push«s out txtra futi into tho dUchars* »trtam to prtvtnt "Itanin9" of tht 

futt/atr mtxtur*. 



problem. It works either from a well or a pump. When the throttle 
valve suddenly opens, the accelerating system responds immedi- 
ately by pushing more fuel through the discharge nozzle. 

Heater. — ^As we have seen, carburetor icing can be .a*serious 
problem. Icing caa occur even on a warm day, because the tem- 
perature inside the carburetor drops dramatically during the va- 
porization process. To prevent icing, most carburetors are fitted 
with heatmg devices which typically transmit heat from the cylinders 
in the engine to the air in the carburetor. The heaters must be 
controlled, however, because too much heat will cause the fuel- 
air charge to expand and lose some of its power. 

Superchargers. — On larger aircraft, more fuel is needed to meet 
the greater demand for power. To increase the power output of 
the engine, the fuel/ air charge is compressed by the supercharger, 
as shown in figure 25. 

The function of the supercharger is to increase the. amount of 
fuel in each charge fed into the cylinder. The superchargers are 
small, high-speed fans which increase the amount of air drawn 
into the engine; compress the charge, so that a charge of a 
given size, or volume, will have more air and more fuel in it; and 
force the compressed charge into the intake manifold. 
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The supercharger forces more air through the carburetor, and 
the carburetor reacts by measuring in enough gasoline to keep the 
charge in its proper ratio. Since more air and fuel are available 
for burning in each combustion stroke of the piston, more power is 
obtained. The action of the supercharger also increases the pres- 
sure m the intake manifold, which then supplies all the cylinders 
with equal charges under equal pressure. High pressure in the in- 
take manifold means smoother operation and more power from 
the engine as*a whole. ■ 

The supercharger may be external or internal. The internal 
fan, or impcUer, is located between the carburetor and the intake 
nianifold. It operates through a gear connection with the crank- 
shaft. The external fan is located between the carburetor and 
the free air outside, and makes use of the exhaust gases for its 
operation. The gases escaping the engine's cylinders on the ex- 
haust strokes are directed through buckets of a turbine wheel, 
connected to the supercharger fan. Since the turbine principle is 
used m operating the external fan, it is called the (urbosuper- 
charger. Supercharger -95$tems with the external fan usually are 
also equipped with, the internal fan, as in figure 25^ 

The supercharger system is not only helpful, but actually essen- 
tial for the operation of aircraft at very high altitudes. This is true 
because the air at high altitudes is thinner— it has less weight in the 
same volume— than air at sea level. And the carburetor, remem- 




riflUf. 25. Th. fupetchors.r'. .y.l.m exl.rnol fon comptetf.f inlok. olr b.for. II 
_r.ach.. th. corbur.l<.r, and ih. fu.l impoll.r furlh.f compr.,... ih. olr mixlur. b.for. 
It •nltri lh« Inlok* monifold. Tl^. iirongtr chars* mtoni cxiro pow<r In iho *ns!n*. 
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bcr, Is metered to consideTatibns of weight, not of volume. The 
supercharger pull^ In a greater volume of air In order to force 
through the carburetor enough air poundage to' operate the en- 
gine. 

The external fan, then— the turbbsupercharger— pulls in air from 
outside and pushes it through the carburetor. The internal fan 
pulls air and gasoline out of the carburetor and pushes it into the 
intake manifold. Thus, the supercharger system deUvers literally 
a '*super" charge of fuel/ air mixture to the cylinders. 

Other Cwburefor Types 

The carburetor we have discussed is called the updraft float 
type. By updraft is meant that the air is drawn in from the out- 
side and upwards throu^ the carburetor venturi. There are car- 
buretors which reverse, this arrangement and pull the air down- 
ward through the venturi. They are called, appropnately, 
liowndraft carburetors* 

DowNDRAFT FLOAT CARBURETOR.— Thc downdraft float type 
carburetor operates on much the same principle as does its up- 
draft brother, but the arrangement of the parts is a little dif- 
ferent, as we can see in figure 26. The main discharge nozzle 




Fifiurt 26. Th« downdraft carbur«lor li •iwntlqlly tht tame a% th« updraft carburetor, 
txctpt that th« air !nlak« h ot the top in»t«ad of the bottom, and tht air flowi 
downward Inittad of upward through th» carbiir«tor borrcl. 
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Flgurt 27. lh^ prcuurt rnledlon carburtlor ustt a i>, $l«m of diaphragms In th» 
mtoiur«m«nt of fu«l, Tht dlaphragmi r«pond to th« air ffow and lo the forc« of 
«h« foe}, which h pump«d Into il^ carbur«}or undtr prttsur*. Tn« presturc rcgufattng^ 
unit of this carburtto/ tncludtt th« air wctlon and th» futi ttdlon of the m«t«rln8 
f tysttm«. 

is in the venturi, but it protrudes ftom the side instead of being 
in the middle. The idling jet is below the discharge nozzle. Air 
is vented into the float chamber, providmg enough pressure to 
force the fuel up through the nozzle and into the carburetor 
barrel. 

^ Pressure Injection Carburetors.— The large piston-powered 
akcraft employ the pressure injection type carburetor, such as is 
shown m figure 27. 

The pressure injection carburetor makes use of a pump to 
deliver fuel under pressure to nozzles in the carburetor baiTel 
at a point just before the entrance to the internal fan (im- 
peller). The fuel, under pressure, is atomized into the rushing 
dr, which results m smooth, economical operation, the elimina- 
tion of icing in ^he throttle valve, ^and protection against vapor 
lock 4ue to the fuePs boiling in the lines. 

The pressure injection carburetor is entirely closed, which means 
that it will operate normally during all types of aircraft maneuvers. 
All automatic mixture control meters the fuel at all operating alti- 
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iudes and at all operating load levels. Its job is to retain the 
proper air-to-fuel ratio, despite changes in the density of the air. 
The metering is done in response to venturi air suction and 
changes in air pressure. 

The pressure, regulator unit of this carburetor consists of an air 
section and a fuel section, each of which is divided into two 
chambers with a diaphragm between. 
^ A poppet valve, operated by the movement of the diaphragms, 

^ connects the two sections. The poppet valve opens and closes an 
^ orifice (opening) through which fuel is pumped from the aircraft's 
fuel system into the fuel chamber of the carburetor. Thus, all 
\^ parts of the carburetor move as a unit. 

The operation of the pressure injection carburetor is as follows: 

Air is fed through the automatic mixture cont^rol in proportion 
^to the air flowmg through the carburetor venturi. The mixture con- 
trol passes the air to the air chambers in the rc^lator unit. A pres- 
sure differential is formed between the two chambers of the air 
section. The. diaphragm moves, activating the poppet valve in the 
fuel section. As the valve opens, fuel is pumped, under pressure, 
through the opening and into the fuel chamber of the regulator 
unit. This causes a pressure differential between the two chambers 
of th6 fuel section and activates the second diaphragm. The action 
of ,{he diaphragm pushes the poppet valve back the other Way, 
closing off the opening to the fuel supply. The fuel, still under pres- 
sure, passes from the fuel section of the regulator unit down to the 
fuel nozzle, through which it is sprayed mto the carburetor barrel. 

As you can see, the rate at which the fuel is delivered into the 
airflow is controlled jointly by the position of the throttle valve and 
by tlie temperature and pressure of the aii, actmg through the 
automatic mixture control. 

In the pressure injection carburetor, ;he economizer, idling sys- 
tem, and accelerator system are controlled by pressure in the fuel 
chamber section and venturi air pre|sure. 

FUEL INJECTION SYSTEMS 

Some aircraft use a fuel injectioi||^stem to perform the functions 
of the carburetor. Under this syst™ metered portions of fuel are 
sprayed tither directly into the cylinder or into the intake manifold 
at a point just outside the cylinder's intake valve. The two most 
common types of fuel injection systems are the mass air flow type 
and the intake metering type. 
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Mass Air Flow System 

The mass air flow fuel injecUoa system is used on Jarge, aircrjrft 
and is so named becQUse^^thc fuel delivery is controlled by the 
engine's demand for quantifies of air at a given time. It consists 
of a master control unit, injection pump, and cylinder head dis- 
charge nozzles. The arrangem^t of these parts and the way they 
work together is shown in figur^ 28. 

Master Control. — The master control unit of this system op- . 
erates in a similar manner to the pressure injection carburetor, 
except that the metered fuel is delivered to the injection pump 
instead of to the single discharge nozzle. The master control is 
located just. ahead of the internal supercharger (the impeller), 
in the same place the carburetor would normally be. its job is 




Ffgurv 28, Tlit mats air flow futi mjoction iysttm »hown htrt ftaturts dirtct dischargt 
of tht futt Into tht cylindtr through tht no2z!t butit Into tho cylindtr htad. The futt 
mtaiurtmtnt h controltod by a fuol control unit similar in operation to that of tht 
prtsiurt injtctlon carburetor. Instead of dtlivtrinQ tht futI charge to the corburttor 
barrti, this systtrfi sends It to an Initction pump/ which dividts tht chargt and 
dlstributts It to IndivJdua! cyllndtrs. 
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to measure the air flow and send the correct amounts of fuel 
^ to the injection pump. 

Injection Pump. — The injection, pump divides the fuel it gets 
from the master control and sends equal parts of fuel to the in- 
dividual discharge nozzles at high pressure. 

Discharge Nozzle.— The fuel discharge nozzles are screwed 
into the heads of each individual cylinder. Each nozzle has a valve 
set to open at a given pressure^ when that pressure point is reached, 
the valve opens and the nozzle sprays atomized fuel into the 
cylinder. Tliis discharge is tuned to occur during the early part 
of the intake stroke. 

« 

As can be seen in figure 28, the cylinder is much the same 
under this fuel injection system as with carburetion, but the intake 
va]ve furnishes air unmixed with fuel, and the fuel is added di- 
rectly to the combustion chamber. The exhaust valve's function 
and the four-stroke cycle are no different than in engines with 
carburetors. In the intake metering system, the cylinders arc no dif- 
ferent than in engines fitted with carburetors. 

Intake Metering System 

The inVake metering system^ used on small aircraft engines, 
consists primarily of a fuel metering and pumping section, an air 
metering throttle valve, and discharge nozzles for each cylinder, 
as shown in figure 29. \ 

Fuel in the fuel pump section is under pressure from a pump 
operated by a connection with the en^ne crankshaft. To get into 
the lines leading to the discharge nozzle, the fuel must pass 
through a metering valve and a groove in a fuel distributing 
plunger, as seen Jn^ Jigure 29. The opening groove and the 
valve must come into alignment before the fuel can flow, or in- 
crease; and the alignment is controlled by a mechanical connec- 
tion to/the throttle valve. 

' When the piloj^^gioves his throttle control to get more speed, 
th« throttle valve open^increasing the air flow; at the same time, 
a mechanical connection turns the fuel valve and the plunger 
so that the valve opening and the plunger groove come into align- 
ment. Tlje fuel, under pressure, rushes* through the fuel lines to 
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Flgurt 29» Th« Intokt mtt«rln9 sysltm of fuel Inttctlon U ustd on smdltr alrcroft 
•ng}nt»« It Indudti a mtchonlcal llnkagt btfwMn Iht air mtttring throItU stctlon and 
th« futi mttorlng ttctlon and pump. Inftctton of Iht futi chargt occvri In tht Intake 
monlfold |utt abovt tht cyllnd*!^! tntak« valv«« and not !nta tht cylinder Hstlf. 

the discharge nozzle. Fuel pressure opens the discharge nozzle 
valve, spraying the atomized fuel into the airstream directly above 
and ahned into the cylinder's intake valve (not shown in figure 
29)* 

Adv«niages and Probltms 

The fuel injection system offers several advantages over the car- 
buretor system. It completely eliminates icing hazards and, with 
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fewer moving parts, is easier to maintain in good order. It also 
reduces , fire hazards, functions well at any aircraft attitude, and 
improves engine efficiency. 

The fiiel injection system becomes quite complicated, however, 
when used in reciprocating engines with many cylinders. A major 
problem is the design and the synchronization of the spraying ac- 
tion with the intake (Cycles of all the engine's cylinders. 

The fuel injection system is well fitted to jet engme operation, 
as we presently will see. 



ERIC 



IGNmOIST SYSTEM 

We have seen how the fuel travels from the tanks, through 
the carburetor or injection system, into the manifold, and from 
there to the cylinder. But before the fuel/ air mixture in the 
cylinder — the engine's combustion chamber — can supply the air- 
'craft with power, it must be ignited, or set fire; for as we have seen 
the driving force of an engine comes from tRe expansion of gases 
as the fuej njixture bums. 

The ignition of the fuel in the cylinder is brought about through 
the use of electricity. The fuel is set off by an electrical spark from 
the spark plug, and the origin of that spark is the magneto. 

The magneto is a 'y^^e of electricity maker, or generafor, that 
works by whirling a set of magnets around between two poles. To 
understand why this produces electricity, it will help us to review 
some facts about both magnetism and electricity. 

Magnetism and Electricity 

The forces of magnetism and electricity have several things in 
common. One of tKesc things is that we do .not know exactly 
what either of them is. ^lotwithstanding that, we do know that 
one can cause the other; we know that they share certain prop- 
erties; and We know how to put them both to good use: 

ELECTRicixy.— We know from science that all matter is composed 
of molecules, all molecules are made up of atoms, and all atoms . 
are composed of protons, neutrons, and electrons. The atom 
(Fig. 30) is arranged like a small planetary system, with the nu- 
cleus of protons and neutrons in the center and the electrons 
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Fiflurt 30. Tht atom Is a minfaturt planttary tytUm. Its nucUut It mada up of protons 
and (in all tlfrnthts txctpt hydrofltn) ntutront. Eltctront orbit thf$ nucltut. 

whirring in high-speed orbit. The protons have a postive charge; 
the neutrons have neither positive nor negative charge; the elec- 
trons have a negative charge. Whatever the substance, its elec- 
trons are like the electrons of every other substance in every 
way: they are the same size, the same weight, and they have the 
negative charge. 

When a substance becomes unbalanced in its proton/ electron 
count— when there are more electrons 4han protons, or more pro- 
tons than electrons—then the atom will show electrical properties.* 
This is the conditiSn known as ionization. The substance with a 
deficiency of electrons (that is, with an overbalance of protons) 
will show a positive electrical charge. A substance with an over- 
balance of electrons will be negatively charged. Unlike electrical 
charges attract each other, while' like charges repel. 

An electric current results from the continuous movement of 
electrons along or through a conductor substance which is part 
of a closed circuit. Every conductor of electricity has an abund- 
ance of free electrons that can be made to flow from atom to 
atom along a line by the application to the circuit of an outsijdc 
force, called an electromotive force. The strength of the electro- 
motive force is expressed in votts or voltage. Two ways to apply 
an electromotive force are by chemical action, as with a storage 
battery; and by electromagnetic induction, the moving of con- 
ductors through a magnetic field. What causes the current to flow 
i» the pressure of electrons trying to move from points with sur- 
plus electrons to points deficient in them. 
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An electrical cunent may be direct, in which case it will move 
through the circuit in the same direction all the time, usually 
with the same, or virtually the same, intensity. Or it may be^ a 
pulsatiiig direct current, which is a direct cunent that varies 
regularly in intensity. Or it may be an alternating current, which 
changes its direction of flow at regular intervals. Alternating cur- 
,rent is the kind found in most home electrical systems, and it is 
the kind of cunent produced by an aircraft engine's magneto. 

Magnetism.— Magnetism is a natural form of energy closely 
associated with electricity but not the same. Magnets occur naturally 
in stone-like substances called magnetite, which is iron oxide. They 
may be produced artificially in pieces of hardened steel Or they 
may be produced through the use of electricity in electromag- 
nets. Whatever the case, every magnet has two points, called poles, 
where the magnetic effect is concentrated. A freely suspended 
magnet will attempt to align itself in a north-south direction. One 
of its poles will always seek to point north, the other south; 
and so they arc known as the north pole Kit the magnet (N) 
and the south pole of the magiict (S), according to the direction 
they seek. Like the positive and negative electrical charges, the 
like poles of magnets (N and N or S and S) repel each other 
and the unlike poles attract. 

The force of magnetic attraction or repulsion acts in definite 
lines, called lines of magnetic flux. The positions of these lines of 
flux may be found by sprinkling iron filings on a paper beneath 
which is a' magnet. The filings anange themselves along the mag- 
netic lines of flux (Fig. 31). These lines of flux occur all through 
the space surrounding the magnet, and the space they occupy 
is called the magnetic field. We assume that lines of force pass 
out from the north pole of the magnet, make a circuit through 
whatever surrounds the magnet, and reenter through the south 
pole. Every line of flux must form a complete magnetic clifcuit, 
most of which occurs within the magnet itself. We can control 
the circuit to a degree by manipulating the space through which 
the lines of flux flow outside the magnet, as in figure 32, when 
we bend a bar magnet into the shape of a horseshoe. The smaller 
gap between the magnet's poles increases the strength of the mag- 
netic force in that space. 
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Electromagnetism.— Electricity can be used to make magnetism, 
and vice versa. Sending an electrical current through a conductor 
produces a magnetic field around the conductor. More important 
to this discussion, moving a conductor of electricity through a mag- 
netic field— cutting the magnetic lines of flux with the conductor- 
causes an electrical current to flow, through the conductor. This 
phenomenon is known as electromagnetic induction, and is the 
key to our ignition system. 

Electromagnetic induction, therefore, depends on two factors- 
magnets, which supply the lines of flux (magnetic field) to be cut; 
and an electrical conductor. Current may be induced in the con- . 
ductor by moving either the magnets or"" the conductor in. such 
a manner that the lines of flux are intersected, or cut (see figure 
33). It is important to know that the current will flow only as 
long as that movement continues. When the motion stops, elec- 
tromagnetic induction ends. 

The intensity of the induced current (its voltage) can be in- 
creased by increasing the rate at which the lines of flux are cut 
by the- conductor. One way to do this is to increase the speed 
at which the magnet moves, which in effect multiplies the number 
of available lines of flux. Another way to increase voltage is to 

m 
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wind the conductor, into a coil, which has the effect of multiply- 
ing the number of conductors; and thereby cutting the lines of 
flux more often in a given time. A second coil, wound concentric 
with the first one, can further increase the number of cuts and 
Intensify the electrical current. 



The Magneto 

The magneto is an electric generator which makes^ use of the 
principles of electromagnetic induction. The most commonly-used 
magneto in today's aircraft is the moving-magnet type shown in 
iigurc 34. 

It produces electrical current by rotating a set of magnets be- 
tween two metal pole shoes. The pole shoes arc joined together 
by a core, which is wound with two sets of wire coils to increase 
the voltage of the current. An important point to remember is 
that no electric current is induced in the coils unless the magnets, 
are moving. 

The rotating magnet part of the magneto may consist of foi^r, 
six, or eight magnets, arranged in a circular pattern on one end 




Figure 32. Btnding a bar magnet mlo horitihot ihap^ mak«i Iht magntf itrongtr by 
concenlraiing Iht llnt» oi <lux. 
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Figof* 33. Current con b« Induced in o conductor by couiing it to cut the mogniit'$ tines 
of flux. Motion U required to induce the current, either by the mognet qr by the 

conductor. . ^ 

of a bar. The other end of the bar connects to the engine's 
crankshaft through a g<Sar arrangement. The turning of the crank- 
shaft turns the magnets. The purpose of the; pole shoes and the 
core which connects them is to collect and 'direct the magnetic 
lines of flux of the whirling magnets (Fig. 34). The shoes and 
core are made of soft metal, which is a better magn^jtic conduc- 
tor than is air. Since the lines of flux always flow along the path 
of least resistance, they flow through the shoes and core. 

As the magnets turn between the shoes, the magnetic flux runs 
through the shoes and core. Around the core are wound two 
sets of coils, the primary and the secondary coils. The coils are 
made dt a material which is an even better conductor than the 
metal of the core. Because of this, the current drains off the core 



ERLC 



/ 



PROPUUION SYSTEMS FOR AIRCRAFT 

and through the primary coil, which is directly attached to the 
core* * ' - 

The primary coil transfers the current to the secondary coil, 
which multiplies the current's voltage. Tlie amount o! voltage 
, induced in the coils depends in great part on the number of 
turns of wire in the coil. For instance, a, primary coil of 50 turns 
of wire may produce 12 volts., The secotxdary coil of 500 turns 
of wire will then produce 120 volts. (The primary coil always 
has comparatively few turns while the secondary coil has many,) 
Since the magneto produces about 22,000 volts — the voltage 
necessary to fire the spark plugs at the proper time — ^you can 
see that the secondary coil will consist of many tliousands of turns 
of wire. 

The current in the secondary coil cannot build up unless the 
current in the primary coil is either increasing or decreasing. The 
faster this increase or decrease takes place, the stronger the volt- 



Figurt 34. Tha movabl* mognits in the magneto sptn between the •nds^ of the 
conductor (pole» and core}, cutting many lines of flux and inducing an ,electrlcoJ 
current In the primary coil. The current It intensified In the secondary coti until It Is 
strong enough ta fire the sparV plug and ignite the fuei^ air charge In the cylinder. 
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CONDENSER 



I 
I 



BREAKIKC POINTS 



FLOW OF ' 
CURRENT 



Rgurt 35. Tht condtnior absorbs tht it If Induction ("Intrtio") currtnt and prtvtnts 
ui)d«i)rabl« arcing whtn tht breoktr points op«n. It thtn dUchargts thot current back 
to tht primary coiI« htlpInQ accomplish flow rtvtrsal. 

age will be in the secondary coil. For tliis reason, an instantane- 
ous collapse of the current in the primary coil is deskable. An auto* 
matlc s^yitch deyice, called a breaker point, brings this collapse 
about. At the moment when the cunent in the primary coil is 
greatest, the breaker pbint opens and the current stops immcdi* 
ately (Fig. 35). 

But every electrical current resists any change in its intensity — 
whether increase or decrease. This resistance, known as scK- 
induction, is similar to the inertia effect in a solid object. 

Self-induction prevents the current from building up quickly and 
from collapsing instantly. When the breaker points open, self- 
induction will cause an electrical arc to jump between the points. 
If left unchecked, this arcing could cause burning and pitting of 
the points. To correct this situation, a condenser is used. 

A condenser is an electrical device which can store electrical 
energy for later dischargerAs we can sec in figure 35, the con- 
denser is connected in a parallel circuit with the breaker points 
and it intercepts the electrical arc accomplishing the instant col- 
lapse. The condenser stores the intercepted charge momentarily, 
then discharges it back into the primary coil. This reverses the 
flow of current and h(^s with rapid buildup of the current in 
the primary coil. 

From the secondary coil, the current goes into the distributor; 
from there to a harness of cables, and from the cables to the spark 
plugs (Fig. 36). 
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from lh« diifribulor through th« ccntoct pointi to th« spcrk ptugt in th# cylinders. Ai 
noted •QtVft, tht cylindtrt do not fir* In straight num^ricol tcqutncc. The firing ordtr 
of tht cyKndars 2s cat€ulat«d to provide the smoothest flow of power from the pistons 

to the crankshaft. 
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The distributor is the device which passes out the electrical cur- 
rent to the spark plugs in the proper firing sequence. This is done 
through a revolving contact point which passes over a series of 
stationary contact points. There is one stationary contact point for 
each engine cylinder. As the revolving point passes over the sta- 
tionary point, it extends the electrical circuit and feeds current into 
the spark plug. 

The sparic plug (Fig. 37) is a high tension, conductor which 
feeds the electrical current into the cylinder. On its bottom end, 
the plug has two electrodes separated by a gap. The electrical 
impulse jumps the gap betweea the two points when the voltage 
mounts high enough to break down the resistance of the gases Jn 
the air in the gap. When the spark jumps, the fuel mixture ig- 
nites. 
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flgurt 37. Tht spork plug musi bt cortfully built lo stond up undtr Ihf strtssts it it 
subitcttd to. Its job is to fttd tht tUctricol currtnt to tht cylindtr. Tht (uel/oir 
chorgt li Ignittd whtn tht titclrical spork jumps from tht centrol ticclrodt to tht 

ground titctrodts. 
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AU aircraft m use today that are powered by reciprocating en- 
gines have double igniUon systems. Both systems connect to aU the 
cylinders to produce faster and more efficient bummg of the tuel. 
The double igmtion system also is a safety factor. 

StJfftici Syittnu 

We have seen that, the magneto furnishes the spark; the spark 
ignites the fuel; expanding gases from the burnmg fuel push down 
the piston; the piston turns the crankshaft; and the crankshaft 
turns the magneto (hi addition to its other duUes) to keep the 
electrical current flowing. 

But we must have some way to start the whole process before 
the engine can take over its own operation. 

Most modem aircraft arc equipped with small electric motors 
which operate the starthig mechanism. The electric motors take 
their power from batteries or from gasoline-powered generators 
called starting nnits^ The mechanical energy of the electric motor 
can be applied either directly or hidirectly- 

In the mdirect application— called inertia starthig— the electric 
motor turns a flywheel, which buUds np speed enough to activate 
the clqtch. The clutch engages the crankshaft and starts It turning, 
and the crankshaft then opei;ates the magneto. This system is used 
on small engines; 

Direct electrical starting is most widely used, however. This sys- 
tem makes use of an electromagnet, called a solenoid. Electric 
current from the battery activates the solenoid, which dkects cur- 
rent through a booster coil. The booster coil hicreases the electric 
voltage and . provides a shower of sparks to the spark plugs until 
the magneto bc^ns to operate. The solenoid-booster coil system 
is made of very tough material so that it can withstand, for the 
brief periods of time necessary, the strong current reqmred to 
start the enguic. ' 

The pilot can stop the engine by rneans of the ignition switch. 
The switch is connected to the magneto across the breaker pohits. 
When the switch is turned to the "off' poshion, the current goes 
to ground rather to the breaker points. This stops the current 
variations in the primary and secondary coils, and thus stops the 
ignition process. 
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THE LUBRICATION SYSTEM 



^ The engine systems we have discussed so far are all directly 
concerned with supplying power. The fuel system delivers fuel to 
the carburetor; the carburetor mixes it with air and passes it to 
the cylinder; there, the ignition system sparks the fuel, releasing 
its energy; the mechanical system converts that energy into useful 
work— turning the. propeller. 

But one essential system is not directly concerned with produc- 
ing power, and that is the lubrication system. The lubrication sys- 
tem's job is to control heat so that the engine parts are allowed to 
move freely. In a way, the lubrication system and the cooling 
system are complementary— they are both concerned with heat 
control— but the emphosis of the systems is differfint. Whereas 
the coolmg system is concerned with the overabundance of 
heat^ energy produced by the i)uming fuel in the cylinder, the 
lubrication system is most concerned with another kind of heat, 
that produced by friction. 

The main purpose of the lubricating system is to prevent metal- 
to-metal contact between the moving parts of the engine. If this 
contact were permitted, the result would be excessive heat, pro- 
duced by^ friction. The friction heat would cause the parts to ex- 
pand, bringing about loss of power, rapid wear on the metaj, 
surfaces, and perhaps even temperatures high enough to melt the , 
parts. Speaking in medical terms, if the engine were a person and 
the friction heat a disease, oil from the lubricating system would 
be preventive medicine— medicine which stops the disease before 
it develops. 

^ The oil also has other fu^ctionc. It provides a seal between the 
piston and the wall of the^cylinder, .which halts any gases that 
might otherwise escape past the piston and into the crankcase. 
Figure 38 shows how the piston is constructed to help, accom- 
plish this job. The oil prevents corrosion. It helps to cool the en- ^ 
gine. And it is the fluid that operates the many hydraulic de- 
vices in the modem aircraft. 

But the prevention of excessiye friction heat is the most impor- 
tant job of the lubrication system. This is done simply by putting 
a thin layer of oil between the moving metal parts. When this 
layer is in place, the high friction that would result from mctal-to- 
metal contact is replaced by low friction in the oil film. 
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Oil SCBAPER 



Ftgur* 38. Tht pisf a h tqutpp«d with comprtstton ringi, which prtvtnl gos Uokagt 
post tht plifon during tngin* optrotlon, and oil rings, which control the omount of 
tubrtcont supplitd to tht cyllndtr wolls ond kttp txctss oil out of tht combustion 
chombtr. Oil fIow| to tht cyllndtr woll through o holt In tht oil control ring, ond 
tht wiptr ring icropti tht txetii oway. ^ 

Oil Properties 

The oil must be heavy enough that it will not be squeezed 
out from between the metal parts and light enough that it will not 
give too much resistance to the \movement of the metal parts. 

Lubricating oil, like gasoline, is composed of hydrocarbons and 
is refined from petroleum. In fact, th^ oil is taken from the part of 
the petroleum that is left over after ^he gasoline and kerosene are 
distilled uut. ^ \^ 

Engine manufacturers list certain specifications for the oil used 
to lubricate their engines. These specitics^tions include information 
on viscosity, flash point, pour point, and other factors.* 

Viscosity is the relative heaviness of the oil and is used as the 
measure of the oil's ability to be pump^^d through the engine at 
certain temperatures. A heavy-bodied oil is said to have high vis- 
cosity, while a light-weight oil is said to have low viscosity. , 

The flash point is the temperature at wnich the oil will give off 



*It should not be Assumed that automotive motot oils can be used as Aviation oils. Aviation 
oils are subje«,t to strictei <.untrols durini refinement and prodi^vtion* and differ from automotive 
olli in roaoy ways* Ineludlni vlKostty* Hash point* and pour polnt« 
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flammable vapors that will catch fire. The pour point is the lowest 
temperature at which an oil ^ will flow. Now that we are familiar 
with the properties of the lubricating oil, let us see how it is put 
to work in the aircraft. 

Some aircraft pits contain detergents, which are cleansing agents. 
Detergents help the oil carry off impurities such as metal particles 
and bits of $and and dirt, that are products of normal engine op- 
eration. 

Aircraft lubrication systems use pressure pumps to force the oil 
through passages and into the many parts of the engine which need 
lubrication. Some parts of the engine, such as the cylinder walls, 
the piston pins, and some of the ball bearings and roller bearings, 
get' their oil by splash or spray. 

4 

on Distribution 

The oil system, such as is shown iti figure 39, consists of an 
oil storage tank, a pressure oil pump^ oil lines, a sump (collec- 
tion place), a scavenger pump, filters, and a radiator. 

The pressure pump moves the oil from the storage tank to the 
engine crankcase, where it. is sprayed and splashed so as to do its 
lubricating job. The oil drains from the' engine part§ into the. sump. 

The scavenger pump forces the oil out of the sump, through a 
filter, through a radiator, and back into the oil reservoir for re- 
use. The filter screens out any dirt, , sludge (a gummy residue 
deposited by burning oil), and metal particles the oil may have 
picked up on its trip through the engine; the radiator operates 
in the same way as does thevradiator to th(ycQoling system in 
liquid-cooled engines. I:as^n\oving air carries off excess heat col- 
lected by the oil on its trip through the engine. 

In some small engines, the engine criankcase itself may carry 
the oil supply as it does in auto engines. This is called the wet 
sump system. In the wet sump engine, no scavenger pump is 
needed because the pil drains to the bottom of the engine crank- 
case by gravity after it goes through the engine. The crankcase 
thus acts as both storage tank and sump. 

The wet sump system has some notable weaknesses that make 
it unsuitable for many aircraft. It will not function when a plane 
maneuvers so that the crankcase is not beneath the cylinders, nor 
in engines designed that way-^-such as the horizontal opposed en- 
gine. The oil capacity of the wet sump system is limited to the 
size of the engine casing, and it is hard to cool the oil from the 
heat produced in high-performance engines. The wet sump sys- 
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tern is completely unsuitcd for such engines^ as the racfial air 
cooled, where there i? no reservoir. 

On the larger, more powerful non-radial engines £tnd on all 
racMal engines, the oil storage tank is located outside the engine. 
This is called the dry sump system. Most of the big multi-engine 
planes have a separate oil system for each engine. 



PKOPELLEKS 

AVc have now learned something about all of the different divi- 
sions of the en^ne, and how all of these systcfms work together 
to produce power efficiently, fiut remember, the whole purpose of 
the engine is to provide power to turn the aircraft's propeller. 

Without the propeller, an aircraft with the world's greatest recip- 
rocating en^nc would just sit on the runway and burn fuel. On 
the other hand, the world's greatest propeller could hot run for 
very long on rubber bands. The point is that engine and propeller 
arc parts of a power unit which is bigger than both. We have 
learned about en^nes and now we should turn our attention to 
propellers. 

The aircraft propeller is the device which converts the en- 
ergy from the engine into the thrust that drives the plane forward. 
It is a type of twisted airfoil, similar in shape and function to the 
wing of the airplane,* Propellers have a tendency to suffer nicks 
and dents, which reduce their efficiency as airfoils. This is why 
pilots check the propellers carefully before every flight, and see 
that they are repaired or replaced, if necessary. \ 
We can see this similarity in shape by examining the propeller in , 
small sections of the whole blade (Fig. 40). Each section has the . 
shape of a sectioiif of wing; but the camber and chord of each 
individual propeller blade section will be different from the cam-, 
ber and chord of every other section. Moreover, while the wing, 
of an aircraft has only one motiorl— forward— the propeller blade 
has two motions — forward and rotary. " I 
*rhe prgpeller produces the rearward thrust to drive the aircraft 
forward; and this forward motion sets up the reaction between ait 
and wing to produce lift on the wing. J 
The principle used in propeller operation is Newton's third law 
of motion, which states that for every action, ll.wre is an equal arid 
opposite reaction. In the case of the propeller, the action is the 
forcing of large quantities of air to the rear. The reaction is ^ho 

•AlffoIU are examined in the AE U book. Theory of Atrcrait FUtht, \ 
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Figure 40. Hach ttdion of this prop«l(tr, exctpt for tht thank tnd, can bt s««n to havt 
an oirfoii shapt. Tht proptlltr rtttmblts a wing In this rttptct. 



forward motion of the plane. Additionally, when the propeller 
starts rotating, air flows around its blades, just as air flows around 
the wing of a plane in flight. But where the wing is lifted upward 
by the force of the air (Bernoulli's principle), the propeller is 
•'lifted" forward, and pulls the aircraft with it. 

The engine furnishes the propeller with power. In small en- 
gines, the propeller may be attached directly, to the crankshaft. 
In the larger engines, however, the crankshaft turns too fast for 
good propeller efficiency, and so the propeller is attached to the 
crankshaft indirectly, through a set of gears. The gears reduce the 
propeller's rotation rate below that of the crankshaft but allow the 
propeller to turn fast enough to make good use of the available 
engine power. (Generally speaking, propellers lose efficiency very 
quickly if they rotate at more than 2,000 revolutions per minute. 
Propeller efficiency is discussed later in this chapter.) 



Nomenclature 

The propeller blade has a leading edge and a trailing edge, 
just as a wing does (Fig. 41). The leading edge' is the fatter edge, 
the trailing edge the thinner. The blade back is the curved por- 
tion of the propeller blade. It correspon)is to the top of the wing 
and is always located toward the front ^of the airplane. The face 
is the flat side of the propeller and corresponds to the bottom 
ol the wing. 

The hub is the metal unit by which the propeller is linked 
(directly or indirectly) to the crankshaft. That part of the pro- 
peller which joins the hub is called the butt, and the section 
' between the butt and the operating portion of the propeller is the 
shank. The shank and butt are usually thick for strength and 
cjlindrical in shape, and do not contribute to the propeller *s thrust. 
The outermost end of the blade is called the tip, 
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BUTT I 



Figurt 41. Tht proptlltr moy setm o simplt Inilrumtnl, but tYtn so It hoi o nom« 
for •och of Its surfocts ond tdges. The propolUr's bock is the curved (combertdj side 
ond is olwoys locoted toword tht front of tht oirplone. The foe* is th« flot (chord) 
sidt ond is olwoys locottd toword tht rtor. 



Motion 

The propeller turns in an arc perpendicular to the crankshaft, 
as shown in figure 42. This arc is called the plane of rotation. 
The blade angle is the angle between the face of a particular sec- 
tion of the blade and the plane of rotation. The blade's angle of 
attack is the angle between the face of the blade section and the 
direction of the relative air stream. This corresponds to the angle 
of attack in the wing. The actual distance that the propeller moves 
forward in one revolution h called the cfCcctivp pitch. This is not 
to be confused with the informal term pitch, which refers to the 
amount of twist in the blade. 

The terms pitch and blade angle do not strictly mean the same 
thing, but they are so closely related that they are often used in- 
terchangeably. Thus, a propeller with a small blade angle would be 
said to have low pitch, while a propeller with a large blade angle 
would be palled a high pitch propeller. A high pitch propeller 
will move Sn aircraft farther forward during one revolution than 
will a low pitch propeller; that is, it will have greater effective 
pitch. 
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PLANE OF ROTATION 




NOSE OF 
AIRPLANE 



Figurt 42* Thit arawing of a f&ur-btado prop4lltr dtmonslratts tht plant of rotation 
and tht bladt angit in a simptifitd way. Actuallyi btcaust tht propttttr bladt Is 
curvtd/ tht bbdt angIt will var/ along tht Itngth of tht bladt from Sutt to tip. 
Tht bladt angit <s Important In dtttrmining tht^ proptiltr's amount of thrust In 
^ rttotlon to Ut drag. 

forces 

Three forces act on a propeller in flight. They are thrust, cen- 
trifugal force, and torsion (Fig. 43). 

, The propeller produces thrust by moving volumes of air toward 
the back of the plane. This thrust compares with the lift force ex- 
erted on the wing by the movement of air. But in the case of the 
propeller, the lifting force acts forward instead of upward. As the 
propeller is "lifted" forward, the thrust force pulling on the blades 
tends to bend the blades forward. Forces tending to bend the 
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blades backward, caused by air drag, are small enough i(x be ig- 
nored. " V ' 

Centrifugal force is created by the rotation of the propeller. 
Centrifugal force (the .force |?hich tends to throw a rotating body 
outward from the center of rotation) exerts a constant pull on the 
blades ^f the propeller.^ Thi'^ force causes tensile stresses (strain on 
the material of which the blades are made). The hub of the pro- 
peller resists the tendency of centrifugal force by holding the blades 
in at the penter. These conflicting forces nay stretch the blades 
slightly during flight. 

Torsiori is the force tending to twist the propeller blade along 
its axis and straighten it out. Torsion is caused in par^ by the ac- 
tion of the air on the blades and in part by the action of centri- 
fugal force, which tends to turn the blades to a loWer angle. 




I 

Hguro 43. *'hrtt main forcti act on th« propelltr in optratton. Tht truil forct ftndt 
to puii tht bladt forward, much as tht action of lift on a wing. Ctntrifugal forct ttnd^ 
to pull tht bladet o'jtward as a rtsult of tht turning motion. Torsion ttndt to twiit 
j/ tho curvt o'jt of tht bladt and straighttn It. ' 
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Types 



There arc four types of propellers, the fixed)^i^ch, the adjust- 
able pitch, the controllable and the constant speed pro- 
peller. 

The fixed pitch propeller is the simplest of the lot. It is made m 
one piece, and the blade angle cannot be changed without bending 
or reworking the blades. This propeller is used on small, single- 
engme planes. < 

The adjustable pitch propeller usually has a split hub. This 
makes it possible for the ground crew to adjust the blade while 
the aircraft is on the gro\ind and the engine is turned off. The 
propeller blades may be turned to such an angle that they will 
serve a particular purpose (either to provide more speed or more 
power). But the operation of the adjustable pitch pr opeller in^ 
flight is the same as that of the fixed pitch propeller. 

The controllable pitch propeller is so constructed that the pilot 
may change the blade angle while the aircraft is in flight. This 
function may be compared to shifting gears in an automobile 
For instance, the blades may be *set at a low angle for power 
during take-off and climbing, then turned to a higher angle for 
speed at cruising altitudes. The changing mechanism may be op- 
erated mechanically, electrically, or hydraulically. 

The constant speed propeller adjusts itself automatically accord- 
ing to the amo\mt of power it gets from the engine. The engine 
controls are set to the desired rpm rate of the crankshaft, and to 
the desired, manifold pressure rate, A flyweight arrangement (a 
governor) and a hydraulic control keep the propeller's blades at 
the angle needed to maintain the desired engine speed, whether 
the plane is climbing, diving, or in level flight. The governor is 
sensitive to changes in the crankshaft rpm rate. If the rpm rate 
increases (in a dive, for instance) the governor-hydraulic system 
changes the blade pitch to a higher angle. This acts as a brake on 
the crankshaft. If the rpm rate decreases Cm a climb), the blade 
pitch is changed to a lower angle and the crankshaft rpm 
rate can increase. The constant speed propeller thus insures that 
the propeller blades are always set at 4heir most efficient operat- 
ing angle. 



Most constant speed propellers also have a reversible pitch ca- 



Reversii^ und Feathertng 
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until he obtains a negative angle of pit^h. This movement, 
coupled with increased engine power, reverses the propeller's 
thrust. The air is thus forced forward, away from the aircraft, in- 
stead of rearward, over the wings. The reversible ihrust feature 
reduces the required landing run and saves considerably on brakes 
and tires. 

The propellers on most modem planes with more than one 
engine also can be feathered. The term feathering refers lo the op- 
eration in which the propeller's blades are turned to an angle in 
line with the line of flight. The propeller is feathered in case of 
engine failure. When the blades are turned to a position where 
they are streamlined with the line of flight, the pressure of the air 
on the face and the back of the blade is equal and the blade stops 
turning. 

If the propeller is not being driven by the engine and is not 
feathered, it will windmill, or rotate from the force of the air 
pressure. This windmilling can damage the engine. It also can dis- 
rupt the lifting force of the wing by disturbing the smooth flow of 
air over the wing. The dead propeller itself creates drag, 
and so acts in the manner of an air brake. For this reason, the air- 
craft's working engine-propeller jjjiits function more smoothly 
and efficiently when the propeller on a faulty engine is feathered 
(Fig. 44). 




Rgurt 44. DhabUd and unfealhtrcd prop«llers crtat* drag, aettng ai a broKtf on tho 
aircraft. Thty alio diiturb the airflow ovtr tht wing, and tht rtiullmg tvrbultnc^ can 
soveroly affect tht wing'i lifting powor. Uncontrolled turning, cr windmllling, also 
% can damage tho engine. Feathering the propeller decreaioi theie effecti by turning the 

blade to a streamlined petition. 
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Liznitations 

Airmen have accepted the fact that no propeller will be 100 
percent efficient. That is, no propeller can change to thrust all of 
the energy supplied by the engine through the crankshaft. Tl)is is 
true because some of the work dene by the engine is lost to var- 
ious other forces before it can be transformed into thrust by the 
propeller. 

The maximum efficiency that can be obtained by a conventional 
propeller opcratipg in ideal conditions and in connection with a 
conventional engine is about 92 percent. But in order to obtain an 
efficiency that high, the blades of the propeller at the tip must be 
very thin and the leading and trailing edges must be very sharp. 
These conditions have been found to be impractical for normal 
operation. The most efflcieni pr pellers in every day use provide 
something under 90 percent of full efficiency. 

A major limitation on the use of the reciprocating engine in 
really high-speed fiight is the fact that the .speed of the tip of 
the propeller blade must be kept below the speed of sound. 

Generally} the s|)eed of sound is 1,120 feet per second at sea 
level, decreasing by about 5 feet per second for every 1,000 feet 
of altitude. 

When the tip speed approaches tj» speed of sound, the pro- 
peller develops flutter, or vibration, \llration causes strains to de- 
velop and seriously affects propeller MicienQ). A propeller whose 
tip speed at sea level is 900 feet per second will deliver about 86 
percent efficiency. But at 1,200 feet pet second, the efficiency has 
dropped to around 72 percent. 

In modem, hi^h-powered engine-and propeller units, it is neas- 
sary to gear down the propeller to keep its tip speed below the 
speed of sound. Were it not for this limitation, there is no reason 
why an aircraft powered b) reciprocating engines could not sur- 
pass the speed of sound. 
' But science has not yet found a way to get around the pro- 
pellers tip speed limitation. To surpass the speed of sound, a differ 
ent type of engine, loosely called the reaction engine, must be 
used. The term reaction engine includes both jet and rocket en* 
gines. Further, there are several different types of jet engines, and 
several different types of rocket engines. 

Jet and rocket development lagged behind the development of 
reciprocating engines priv.. to World War II. But since that time, 
the reaction engine has com^ into it^^ cgvn, expanding the limits 
ol^ speed and altitude at which man can move. 
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OTI'^R ENGINE SYSTEMS 

Despite the numericaJ predominance of propeller-driven air- 
craft today, no modem survey of propulsion systems would be 
more than half complete without consideriiig the reaction engine. 

Since rocket engines are discussed at length elsewhere in the 
Aerospace Education program, our consideration of reaction en- 
gines in this book will be confined to jet engines. 



WORDS AND PHR.\SES TO REMEMBER 



accelerating system 


electromotive force 


adjustable pitch propeller 


feathering 


alternating cunent 


fixed pitch propeller 


atomization 


flashpoint , 


automatic mixture control 


float carburetor 


backfiring 


float chamber 


Bernoulli's principle ' 


fuelinjection system 


blade angle 


fuel knock 


blade butt 


fuel system 


blade shank 


generator 


blade tip 


hub 


booster coil 


hydrocarbon 


breaker point 


ignition 


carburetor 


ignition system 


carburetor barrel 


impeller 


carburetor heater 


inertia 


carburetor icing 


' injection pump 


carburetion 


intake manifold 


centrifugal force 


intake metermg system 


condenser 


ioniziltipn 


constant speed propeller 


kinetic energy 


contact point 


knock 


controllable pitch propeller 


leading edge 


detergent 


lean mixture 


detonation 


lines of flux 


direct current 


magnetic circuit 


discharge nozzle 


magnetic field 


discharge tube t 


magnetite 


distributor 


magneto 


downdraft carburetor ^ 


mass air flow system 


dry sump 


master control unit 


economizer 


metering jet 


effective pitch 


octane rating 


electromagnr *ic induction 


pitch 
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potential energy 


supercharger 


pour point 


tensile stress 


power enrichment system 


throttle valve 


br^-icnition 


thrust 


oressure iniection carburetor 


tin sDeed 


p'.'cssure pump 


torsion 


primary coil 


trailing edee 


DroDeller face 


turbosupercharger 


reaction encine 


updraft carburetor 


revefsibte Ditch 


vaoor lock 


rich^mixtiire 


• Venturi 


Scavenger pump 


viscosity 


secondary coil 


volatile 


self-induction 


voltage 


solenoid 


wet sump 


sparkplug 


windmilling 


stable fuel 


wobble pump 


starting unit 
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QUESTIONS 

1« Name the five systems that mske up the. complete reciprocating engine. 

2. What are the advantages of the petroleum-based fuels used. «s aviation 
fuels? 

3. What U the function of the carburetor? 

4. Why does the carbureter measure fuel and air by weight histead of by 
volume? 

5. What is the function of (he supercharger? 

6* Expixdn how magnetism is used <o make electricity. 

7* What is the difference between the starter system and the Ignition system? 

When does the pilot turn off bis enghie's ignition system? 
8. What are the various types and functions of the lubrlcatlnf^ system? 
9» How does the propeller provide thrust and lift to the aircraft? 

10. Name the parts of the propeller. What Is the *1^1ane of rotation?"* The 
♦^effective pitch?" 

11. What three forces act on a propeller In flight? Describe these forces, 
n. Wliy are propeller-drlven aircraft Incapable of supersonic flight? 

THINGS TO DO 

1. Political developments tn the Middle East sometimes threaten America's 
supplies oi oil from fields in that area. Find out and report on how much 
oil, gasoline, and other petroleum products arc used in this country ah- 
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nually and where our sources of supply are located. Could the United 
States get along without Middle Eastern oil supplies? 

2'. Get an old generator and take it ap^rt. See how the magnets work to 
produce electrical current. Estimate the number of wire turns used. 

5 Li^ht aircraft sometimes have problems with carburetor icing. Find out- 
what system is used to combat tHis condition and brief the class on how 
that system works. 

4. Visit an engine repair facility, either at your school or. with permission, 
at a commercial shop. See if you can identify the various parts of the 
engine and understand the theory of engine operation by looking at the 

' pans you describe. 
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Chapter 



Gas Turbines and 
Jet Propulsion 



• . . •• \ 

THIS CHAPTER deals primarily with turbln© engines, wlfh the 
emphasis on jet engines. It describes the operation of the jet 
In theory, gives examples of how the dlff#rent types*j^»f jet 
engines operate, and explqlns the relative advantages of 
these engines* It also Includes a section on helicopter pra- 
pulsion systms. When you finish this chapter, you should be 
able toj 0) compare the operation and performance of the 
{et ond the re<:Ipro<atlng engine; (2) describe the pperaftonal 
differences In tbe three main types of jet engines^ (3) explain 
In some detail the operation of the turbojet engine; (4) 
describe ouch adaptations as the tvrbofqn and the turboprop 
engines; qhd (5) explain the differences and similarities be* 
tv^een helicopter propulsion systerns ond thoie of other 
aircraft. 



WITH THE ADVENT of jet prcpulsion as a practical means 
of powc;ring aircraft, a whole new experience was opened to ( , 
mankind. The k^y to this experience was speed. Jet-propelled air- \ 
craft were eyed with suspicion at first by a public which distrusted V 
airplanes without propellers. But with exposure came acceptance, and 



90 



85 



V 



PROPULSION 'SYSTEMS FOR AIRCRAFT 



the world was soon electrified ig learn that, a manned, jet air- 
craft had flown beyond the speed of sound. 



JET.^r^GINES 

Compared to the reciprocating engine and propeller combj||^a- 
tion, the theoretical workings of the "jet engine are sijpp\e. In 
broad terms, the jet engine is essentially a tube in whicji the four- 
stage combustion cycle takes place. It is composed of an air in- 
take section, a compression section, a qombustion section, and a^ 
exhaust section^ Figure 45 shows how the combustion cyfcle of th^ 
jet engine corresponds to that of a reciprocating engine. 

Althqugh the two different propulsion systems have much in 
commoi> when it comes to working principles, they are quite differ- 



INTAKE VAbVE 
OPEN 



BOTH VALVEJ 
CLOSED 



.BOTH VALVES 
CLOSED 



INTAKE STROKE 



RAM AIR DUCT 



EXHAUST VALVE 
OPEN 




EXHAUST 
NOZZLE 



COMBUSTION 
CHAMBERS 



TAILPIPE 



Figure 45. The powtr production cycle In the let engine moy be compared wrth the 
foor-itroko cycle of the reciprocating engine, like the reciprocating engine, the jet 
goei through intakei compietsion/ combustion/ and exhaust. But the exhoutt Is the 
force that maket the jet planr ga. 
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cnt mechanically. Both the jet and the reciprocating engine have 
their places in today's aviation,, and they are well suited to their 
different uses. , 

The chief advantages ot the jet-propelled aircraft arc speed 
and the ability to fly at high altitudes. The chief advantage of 
the reciprocating engine-propeller powered craft js economy at 
low speeds and at low altitudes. 

Both systems get their power from the gases formed by bum- 
' ing fuel. Both depend on the air outside the engine for the oxy- 

gen needed to bum the fuel. Both utilize the same basic laws 
of motion for their "push." Finally, both use the four-stagc cycle 
of intake, compression, combustion, and exhaust. 

fBut despite these similarities in the two engines, there are two 
major differences. The jet engine has no propeller; and while the 
exhaust in the reciprocating engine is mainly wasted, the jet en- 
gine's exhaust is the force that makes the aircraft go. 

Principles of Opciation 

The jet engine operates on principles outlined in Newton's, sec- 
ond and thii'd laws of motion, force is equal to mass times accelera- 
• tioh; iand for every action there occurs al reaction of equal force in 
the opposite direction. 

Probably the most often-used illustration of Newton s third Jaw 
is the action of a balloon released with its neck open. The balloon 
zips around the room as air escapes from the open nc^ The flight 
of the balloon is not caused by escaping air pusljirig against the air 
outside the balloon, but by the force occurpng //wWe the balloon 
in reaction to that escaping air. ^ 

The air rushing out of the balloon may be called the action. 
But inside :he balloon, there is a reaction, just as strong, and in 
an opposite direction to the outrushing air. If our balloon had two 
necks directly opposite each other, the air would rush out of both 
openings &nd the balloon would merely drop to the floor. But 
since there is only one neck, the reacting air pushes against the in- , 
side surface of the balloon, in accordance with Newton's third 
, . > law of motion, and moves the balloon along. 

Newton's second law, applied to the jet engine, would mean 
that the force moving the aircraft (thrust) is equal to the mass 
(quantity) of air taken in through the front of the engine, multi- 
plied by the acceleration (increase in speed) of that air before it 
leaves the exhaust nozzle at the back end of the engii]e.d|ftt what 
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this principle means in practical terms is explained in Chapter 
One of this book.* 

Both the jet en^ne and the propeller provide thrust by throw- 
ing quantities of air backward. In the jet, the air is channeled 
through a tube (the engine); but the air the propeller m6ves is 
unconfined. This means that a smaller mass of air is being moved 
by the jet en^ne; but the jet accelerates that air mucl^' faster 
than the propeller does. 

The term jet propulsion is understood to mean the pi^h tl^at 
occurs in reaction to the ejection of matter^air). When, the jet. 
engine ejects its exhaust gases, the reaction is the en^ne's 
thrust. And since the velocity (the action) of the air leaying the 
jet engine is very strong, so is the thrust (the reaction).'^ In this 
book we will consider past and present jet engine types, includ- 
ing the ramjet, pulsejet, turbojet, turboprop, and turbofan. engines. 

Rmnjct I ^ 

The simplest type of jet engine is the ramjet. With no moving 
parts, the ramjet is little more than a tube fitted with fu(^l nozzles, 
and spark plugs to get it started. In fact, the ramjet ha^ been de- 
scribed as a "flying smokestack" (Fig. 46). f 

The air is taken into the ramjet through the diffuser in the air 
intake section at the front of the tube. The diffuser s}ows down 
the incoming air, and the air ramming in behind that air greatly 
increases its pressure. The total amount of energy in the air we 
have taken in remains the same, but its form has , been con- 
verted from . the energy of velocity to pressure-type ^nergy. The 
volume of the air taken in has not changed, but the \yeight within 
that volume Iws been increased considerably by Compression. 
This means that the mass (weight in slugs) has been increased. 
Since the thrust we eventually get will depend on the mass of air 
we move (F = MA), air compression increases thrust. 

This compressed air is channeled into the combuition section, 
where fuel is sprayed into it under pressure. An jignition plug 
similar to the conventional spark plug ignites the jmixture. The 
resulting explosion hurls the air forcefully out the ^exhaust, and 
the reaction to that force moves the engine forward. There is 
equal force exerted in all directions when the explosion occurs, 
of course. But the high-pressure air in the diffuser blocks the ex- 
pansion of the air forward, the walls of the engine and passing 



♦The tction*rcac«on principle a tuiihet explained and illuitiatcd In the AE-I book, S(Kice* 
croft and Their BooUtrs. 
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B. OPERATION 



Figurt 4^. Tht ramltt, samttlmtt calltd , lh«^ "flying tmaktttack/' It th« tImpUtt |tt 
tngint ]n uto taday. Iti air supply Ii camprtsttd by tht ramming action of tht tnglnt 
Insttod of by a mtchonlcol comprtttor. 

air block the expansion outward; and the hot gases are forced 
out the rear of the engine. 

It should be pointed out that in jet engines, the ignition plugs 
are used to ignite the fuel charge only until the engine is started. 
The electric current to the plugs is then cut off. The flow of air 
and fuel into the combustion chamber is continuous, and so is 
the flame. Instead of a series of fuel/ air charges, as in the recipro- 
cating engine, the jet engine has one continuous charge which 
burns until the flow of air and/or fuel is discontinued. 

In the ramjet the fire is held in the combustion chamber by a 
blocking device called a flameholder. Otherwise, the fire would 
be blown out the rear of the engine with the exhaust gases and 
other air. 

The ramjet cannot operate until it is moving at sufficient speed 
to bpng about compression from the ranmiing air in the front of 

89 



94 



PROPULSION SYSTEMS FOR AIRCRAFT 




Figur* A7, Th© Bomarc miHile wo» fired by iti rock«l engine power but shifted lo 
romjet power when It reoched iuffident speed. The ramjet is not copoble of storting 
from 0 stop since it needs the rom effect to moke it work. 

the engine (about 250 miles per hour). Aircraft using the ramjet 
must have another t>pe of propulsion to get them movin^j at that 
speed before the ramjet can be turned on. In theory, the speed 
attainable by the ramjet is unlimited, since the faster it goes, the 
more air compression it gets, the more compression it gets, thL 
more violent the eicplosion in the combustion chamber, and the 
more violent this explosion, the' more thrust is developed and the 
faster it goes. In practice, however, the ramjet's speed is limited 
to about five times the speed of sound (mach 5),* which is still 
a pretty fast clip. This limitation is due to friction-caused h^at on 
the outside of the engine and the airctaft to which it is attached 
(called skin temperatures). Beyond mach 5, this . friction heat 
would cause the metals now in common use to melt. • 

^ * 

•The word "mach** is used (o describe the spoci) of an objcet in relation to the speed of 
sound jn the same medium. The number acfcompan>inj{ (he \*ord math indicates the mul» 
tiple-i of the jpced of sound at which the oWecl— in our case, the aircraft— is tra\etinR. 
At speeds below, but approaihine. the ^pced of Stfjnd, numerals less than I may be used. 
Thus» an aircraft roovlnt at ma^h 7 would be traVfeling at seven-tenths the speed of sound. 
At i^ach 1. the aircraft would be moving at exactly the speed of sound At mach 2 5, the 
aircraft would be movant at two-and-a-half t»mc* the speed of sound The speed of sound at 
sea level. Id dry air at M degrees F. is about J.087 feet per second (741 miles an hour). 
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The ramjet engine can be used In missiles which are lifted off the 
ground by another engine system— usually, a rocket engine. Just 
before the rocket engine bums out, the ramjet "kicks in" and 
takes over the job of powering the missile. Although now^ob- 
solete, the Bomarc surface-to-air interceptor missile shown in fig- 
life 47 was a good example of this usage. 

A recent development in ramjet engines is capable of hypersonic 
flight; that is, flight at speeds above mach 5. This engine is 
called the Scramjet, and may be used in the future on aircraft de- 
signed to cruise at hypersonic speeds, on recoverable launch* ve- 
hicles, and on defense missiles. 

Pulse M 

The pulsejet is only slightly more complex than the ramjet, but 
it is much less useful in modem aviation. The pulsejet's chief 
interest is historical. It has a diffuser, a grill assembly,, a combus- 
tion chamber, and a tailpipe. Air feeds through the diffuser, just 
as in the ramjet, and through the grill to the combustion cham- 
ber. 

The grill assembly is a honeycomb of air valves which allow 
the air to flow through if the pressure in the diffuser chamber 
(intake) is greater than the pressure in the combustion chamber. 
These air valves are spring-loaded in the closed position and open 
inward, toward the combustion chamber. ' 

When the air is allowed into the combusUon chamber, a fuel 
charge is injected and the fuel/ air mix is ignited. 

As the sequence in figure 48 shows,, the force of the resulting 
explosion closes the air valves in the grill and forces the exhaust 
out the tailpipe. When the pressure of that charge lessens in the 
combustion chamber, pressure from intake air forces the valves 
open again and more air. moves into the combustion chamber. 
The cycle repeats, with the ignition of the second charge coming 
from the flame of the first charge. 

Pul^ejets powered the German V-l missUe in World War II. 
The characteristic noise produced by the pulse jet was responsible 
for the V-rs nickname^of "buzz bomb." 

Although the pulsejet is simph arid inexpensive to build, its 
speed is IhnitedL At air speeds above mach 0.6 (slightly over 
"Balflhr^pee'd df^und)^the pressure in the diffuser section 
holds the air valves open t6o Jong for efficient operation. Be- 
cause it cannot compete effectively^agauist the reciprocating engine 
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Figurt 48. Tht pulicjct is of stnctly hiitoricol mt«r«it. Cheap und simple, !t was on« 
of Iht tariltst jtt tngincs to b« ui«d cp« ration ally, but Jt was .quickly .obondontd 
when tlTt turt was dtvtloped. Tho pulsejct's characteristic sound wos responsible 
for the nickname ''buzz bomb" being given to the V-1 missile used by the Germons 

lj» World War 11.^ 

on the one hand and more advanced jet engines on the other, 
the pulsejet has virtually vanished from the aviation scene. 

The Turboiet 

The hirbojet engine, the most widely used engine in the jet world 
today, uses the same principles used by the ramjet and the pulse- 
jet, but is a much more refined and practical machine. 
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Figure 49. Th. iurbojet engine feolures an olr compressor which U operated by a 
urbine, which .n turn I, powered by high-velocity exhaust gases on their way to the 
tailpipe. The engine In this simple Illustration Is equipped with an ofterburner for 

^ extra power. 

Employing the combination of gas turbine and air comp:essor, 
the turbojet is its own master. It can start from a dead stop and 
can power aircraft to more than twice the speed of sound. 

There are many models and several modifications of the turbojet 
engine, but they all share the same basic operational sequence: 
air fintexs togLlhe ait intake. .sectiotUdiftuser); goes through 
the mechanical compressor, where its pressure is greatly increased; 
IS forced mto the combustion chiunbers, mixed with fuel, and 
burned; and escaped as high-velocity gases out the -exhaust nozzle, 
producing thrust. 

The diagram in figure 49. shows that between the combustion 
chambers and the exhaust nozzle, tliefe is a turbine. The exhaust 
gases turn the turbine wheel just as wind turns the wheel of a 
windmill. The turbine is connected by a direct shaft to the com- 
pressor. The rotation of the turbine operates the compressor, 
which sends more air through the- engine to turn .the turbine. 

The compressor section of" the turbojet is the area where the air 
IS compacted in preparation for burning. It corresponds to the re- 
ciprocating engine's cylinder ,in the compression stage. Turbojet 
engines are generally classified as centrifugal flow or axial flow 
engines. These terms refer to the design of the air compressor 
in the engine, and the way the air flows through it. Although axial 
f ow engines are much more widely used today, the centrifugal 
flow engine is of interest historically and as an example of how let 
engines have progressed. ^ 

Centrifugal Flow ENOiNEs.-The centrifugal flow compressor, 
shown in figure 50, is composed of a rotor, a stator, and a casing. 
The rotor IS mounted within the stator, and that whole assembly 
IS enclosed in the casing. The- casing has an Opening near the 
center for the air to enter. ^ 
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Figur* 50. The ctntrifugat comprattor uttd in Iht early models of the turbojet engine* 
hurled iho air outward from the whiring rotorj onto the stationary Matort.' and tho 
- ttotoK guided the compressed air to the combustion section. 

The compressor's rotor is made up of a series of flat blades. The 
blades revolve, take the air in, and whirl it around, increasing 
its velocity. Centrifugal force causes the air to move outward 
from the center to the rim of the rotor blades, where it is thrown 
out of the wheel and into the stator with considerable velocity. 

The stator consists of diffuser vanes, or blades, which curl out 
from the central axis of the rotor. The stator does not rotate. The 
moving air acquires energy, in the form of velocity, in the rotor and 
this energy is converted to pressure energy by the stator. As the 
air moves through the statofs diffuser vanes, it loseJ velocity and 
acquires pressure. / 

From the stators, the compressed air is fed into the combustion 
chambers. 

Each set of rotors and stators is called a stage. A single stage 
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Figurt 51. In tht mulli-ilagt comprejior, the statori dirtct tht comprtiitd air onto 
Iho rotors of tht naxt comprtiior stage for more pit compression. Tht last stcgt, of 
course, stnds tht air into tht combustion chambtrs. 

centrifugal flow compressor will produce a compression ratio of 
about four to one. That is, it will reduce a given mass of air to 
about one-fourth the volume it had in Us free state. 

Additional stages, as shown in figure 51, will improve the com- 
pression ratio somewhat; but much of iht potential energy of the. 
air mass in the centrifugal flow compressor is lost through drastic 
changes in direction caused by centrifugal force. For this reason, 
most jet engines made today employ the more efficient axial flow 
compressor. 

Axial Flow Engines.— The axial flow cpmpressor is also made 
up of rotors and stators. But the blades are shaped like airfoils 
instead of being flat. The rotor may be likened to a many-bladed 
propeller. The airfoil shape of the rotor blades guides the air 
mass mainly toward the rear of the engine, and only slightly out- 
ward (Fig. 52). 

The stators, also of the airfoil design, are mounted behind the 
rotors. The stators may be likened to many small wings. They do 
npt rotate, but receive the air from the rotors and direct it either 
toward the combustion chambers or onto the next set of rotors. 

One row of rotors and one row of stators constitutes a stage 
in the axial fbw compressor. The motion of the rotors compresses 
the air in a manner similar td the ram effect, and the stators serve 
to straighten out the airflow (Fig. 53). 
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Figure 52. In tht axio) compressor, Iht airfoil-shaptd rotor bladts hurl the intake air 
rearward, and not outward os in tht ccntrifugol compressor. The stotor btodes >n the 
axiol compreMof* are also airfoil*shaped. ' 

The axial flow compressor may be composed of many stages. 
[ Each stage is smaller than the one before it, which increases the 
coinpression of the air. Axial IIqw compressors give compression 
ratios of more than 5 to 1. 

Dual Compressors. — Some turbojet engines have two com- 
pressor and turbinp arrangements, called dual compressors. The 
two compressors provide greater engine flexibility and maintain 
high compression ratios at high altitudes, where the ram air pres- 
sure is less. 

This dual arrangement consists of a high-pressure compressor 
driven by a turbine that is controlled by the throttle, and a low- 
pressure compressor driven by a free-turning turbine (Fig. 54). 
Dua^ compressors can develop compression ratios of up, to 14 to 1. 

At high altitudes,^ the air is thin and the ram pressur.e in the 
front of the engine is therefore reduced. But a free-turning com- 
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Fjgofi 53. Tht slotors In thi oxJo! flow comprtiior ilralghltn the ai0low and gutdt-H 
oilhtf to tht ntxt stogi qf rotor blades or on to thi combustion chaml^rs. On* stage 
of an axial flow compressor consists of a row of rotors and a row of ffatort. 
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Figure 54. The turbojet engine with a dual compressor is capable of providing good air 
compression at hgh altitudes, whore the air is thin. Th© high pressure compressor 
and the low pressure compressor have concentric shafts, but there Is no mechanical 

link between them. « . 
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pressor takes advantage of the thin air's lesser resistance on its rotor 
blades, and turns faster, bringing in greater volumes of air. This 
arrangement enables the free compressor to keep the high-pressure 
compressor supplied with air. 

The dual compressor illustrates how theory and practice do not 
always agree. In fact, it was devised to overcome a problem 
resulting from the fact/theory gap. In theory, a single axial flow 
compressor with many stages could develop an unlimited amount 
of compression. But in practice, this is true only within a limited 
range of engine speeds. 'Beyond these speeds, the smaller stages ^ 
toward the rear oZ the compressor lose efficiency because they 
cannot handle th* large volumes of air being forced into them 
by the larger stages up front. As a result, the front sections be- 
come overloaded with backed-up air ar.d turbulence results. This 
turbulence interferes with the effective angle of attack of the air- 
foil-shaped rotors and stators, and the result is compressor stall. 

With the dual compressor, the reamiost stages are large enough 
to handle the larger volumes of air without loss of efficiency. 

Combustion Chambers. — On leaving the compressor, the air is 
forced into the combustion chambers, mixed with the fuel, and 
burned in the contiiiuous combustion process. Jet engines can 
operate on a wide variety of fuels, but refined kerosene has been 
found to be the most satisfactory fuel available so far. 

Only about one-fourth of the air from the compressors is used 
lor combustion. The rest^ of the air is channeled around the 
outside of the combustion chambers, or around the fire inside 
the combustion chambers, for cooling purposes. 

Ordinary turbojet engines may have 14 separate combustion 
chambers in their combustion section, divided so that the cooling 
air can be more effective. 

The combustion chamber includes an inner chamber^ where the 
actual burning takes place; an miter chamber; a fuel nozzle; and 
crossover tubes (Fig. 55). \ 

Temperiitures in the inner chamber get above 3,000 degrees 
Fahrenheit. But these temperatures never reach the wall of the 
inner chamber. The bumjng is centered in the chamber through 
carqful design, and is surrounded by a blanket of air that is, of 
course, heated, but does not burn. All of the burning must be com- 
pleted before the exhaust leaves the inner chamber, because the 
intense heat of the burning charge could severely dama/^e the tur- 
bine wlieel. ^ 

Air flows through the liiier between the inner and outer cham- 
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Rgur. 55. Th.>combu.llon chamb.r of q i.t ,„gi„, i„clud.. on tnn.r chomb.r, wh.r. 
ht fu,l I, burntd, and an outer chamb.r. Cooling oir flow through th. >pac. b.iw..n 
u. K^-T ('P="« P'"9 !' for initial ignition only, aft.r 

which tht flamt Is ftd from chamber to chamber through the crossover tube. 

bers. The outer chamber keeps a supply of high-pressure air avail- 
able td the mner chamber for cooling. 

The fuel nozzle sprays the proper amount of fuel into the -inner 
chamber, using the fuel injection system. The fuel spray is under 
pressure and the fuel flow is regulated to achieve an air/fuel 
ratioof about 14tol. ' ^ 

Usually, only two igniter plugs serve the entire combustion sys- 
tem, and then only for the initial ignition. After the engine is started 
and the plugs have ignited the fuel/air mixture, electric current to 
-the-plugs.is.tumed off. - — 

The crossover tubes connecting the combustion chambers feed 
flame into those chambers without spark plugs. After the flame 
IS introduced into all the chambers, the burning process feeds 
Itself -The high-pressure air blanket then blocks off the openings 
JJgh '"^^^ temperatures in them mount very 

Turbine SECrioN.-The hot exhaust gases and unburned air leave 
the combustion section either through nozzles on guide vanes, 
which increase their velocity to about 2,000 feet per second and 
direct them onto the turbine wheel blades. The guide vanes 
constitute the stator part of the turbine, while the turbine wheel 
is the rotor part. 

The turbine wheel is the toughest part of the jet engine. It has 
to be, to withstand the tremendous temperatures and other stresses 

The temperature of the gases striking the turbine's rotor blades 
may reach 1,500 F., and the wheel rotates at about 12,000 
revolutions ppr minute These stresses were a serious problem to 
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Flgur« 56. Ai with tht comprtuor, a tingit stage of tht turbin* conttttt of a row 
of rotors and a row of stators, but In rtvtrst ordtr. Tht stators dirtd th« exhaust 
gosts onto th« rotor bladts, causing tho rotor whtti fo turn. Tht front tnd of th« 
. . „turblnt shaft eonntcts to tht.comprtisor. . 



early developers of the turbine. But advances in metallurgy (the 
science of metals) have produced metal alloys capable of with- 
standing the stmns of heat, shopk, and centrifugal force for 
1,000 hours or more of operation. 

Like the compressor, the turbine may consist of one or more 
stages. And like the compressor, the turbine is composed of al- 
teriating rows of stators and totors. 

The shaft attached to the center of the turbine is connected 
at the other end to the compressor, which it drives (Fig. 56). 

Exhaust Section.— The gases exit the turbine at temperatures of 
about 1,200° F. and speeds of about 1,200 feet per second 
and enter the exhaust nozzle. As seen in. figure 57, this nozzle 
has an inner cone, supported by struts. Together, the nozzle, 
cone, and struts straighten out the flow of the gases leaving the 
revolving turbine wheel and send these gases through the tail- 
pipe in a concentrated flow. 

The tailpipe is designed to increase the velocity of the gases to 
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!lnd?i.^' J^J T""" f Wa. flow and 

..nd. h out th. r.ar of th. .ngln. In a concntrat.d .tr.am. ThI. I. th. bu.In... part 

of I«l propuliton. J 

a point where they furnish maximum thrust without causing the 
cngme to overheat. As the gases leave the tailpipe, their tempera- 
ture has dropped to about 1,000°' F. and their velocity has in- 
creased to 1,800 feet per second or more. The velocity of the 
gases leavmg the taUpipe is an important factor in the thrust- 
determmmg equation. Force = Mass tim?s Acceleration (F = MA) 
Thi! AFTERBURNER.-Sorae turbojet engines, principaUy on mUi- 
aircraft, are equipped with exhaust reheating devices called 
aneroiimers. These devices increase the velocity of the exhaust 
gases--and thereby, increase thrust—when maximum performance 
IS required. The afterburner, shown in figure 58, acts in the man- 
■ ner of a smaU ramjet engine when it is in u^e and as a tailpipe 
extension when not in operation. 
Since a Jarge amount of the air that enters a turbojet engine is 

SlS' '"'^ ^^'"^ ai^Ple oxygen in the 

S w I ^f'e'^b^rner. As in the ran^et, fuel i 

mjected mto the afterburner under pressure. The exhaust gases from 
Oic mam engme are of high enough temperature to ignite the fuel on 

^^mZ^^S^^'"^' '''''' ~ 

The afterburner 'is fitted with flameholders to keep the high- 
chSJbcf'^"'' ^"""^ Sases out of Oie 

The turbojet has become the most widely-used type of jet en- 
gme, II. IS found supplymg the power for many different types of 
aircra^ . from fighters to bombers and passenger planes to^£ed 
missiles. Some examples of the aircraft using the turbojet S^ne 
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Figure 58. Tht aftirbumiri somttlmts calltd tht •xhaust rt-htat, provldts additional 
thrust to an vngint by Inltcting futl Into tht Mgh-ttmp«raturo txhoust gosts, mixing 
tht futl with tht unburntd oxygtn In thott gosti, and burning Iht rtsulting rr.Ixturt. 
Whtn not optrating, tht ofttrburntr acts as a tollplpt txttntlon. 

for power are the F-4 Phantom II, a workhorse for the United 
Stales Air Force, flavy, and Marines; the F-5 Freedom Fighter, 
used by a number of nations as a primary defensive akcraft; 
some versions of the Boeing "707 and 720 an^ the Douglas 
DC-8 passenger aircraft, used by commercial airlines; the B-52 
bomber and the Hound Dog air-to-ground missile shown together 
in figure 5§; and the mach 3-plus SR-71 strategic reconnaissance 
planc.^ . 

The Turboprop Engine 

Experience has shown ithat jet-powered aircraft are superior to 
propelle^drivcn aircraft at high speeds and high altitudes, while the 
propeller-driven planes excel at comparatively low speeds and low 
altitudes. In fact, the turbojet engine does not equal the reciprocat- 
ing engine-propeller system in efficiency Until speeds of nearly 400 
miles per hour are reached. 

In an effort to con^bine the best features of both systems, engine 
designers developed the turboprop engine, which, ||s figure 60 
indicates, uses a gas turbine-powered propeller for its drive. 

The reciprocating engine probably will continue as the dominant 
;powerpIant in low speed, low power aircraft, but the turboprop 
IS used more and more on large aircraft operating at low and in- 
termediate speeds. 




/ 
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Fjgurt 59. Turboiit enginot utt th« powtrplants for Ihi B-52 bombtr, shown h«r#, 
and the Hound Dog mitstlv, suspended from iMs B-52''s wings. 




FIguri 60. The turboprop engtni combines the advantagas of th« gas turbine powtr- 
plant with the •fflcUncy of tht propeller to get a relatively quiet, cheap, and powerful 
propulsion system. It U not^tridly a jet propulsion system. 
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In the turbojet engine, most of the gases passing through the 
combustion ^chamber are forced out the tailpipe, to produce thrust. 
Only a small am6unt of the energy of these gases is used to turu the 
turbine an^- compressor. 

But in tfie turboprop engine, the reverse is true. The turboprop 
has a weak exhaust fr9m its tailpipe and gets almost no "push" in 
reaction" to it. ^The turbine in this engme is designed to absorb 
aUnost all the energy from the exhaust gases. Part of this energy 
turns the compressor, allowing the engine to function in essentially 
the same manner as the pure 'turbojet. Bu^ the bulk of the energy 
is passed from the turbine to the propeller which is mounted at 
the front of the engine. * // 

Turboprop-powered aircraft obtain jllieir thrust from the pro- 
peller, which riioves a larger mass of air than would the turbo-' 
jet, but at a lower velocity. An aircraft using the turboprop 
system is no', "jet propelled," since very little thrust is produced 
by the ejection of high-velocity exhaust gases, but ^ts propeller 
}s driven by a gas turbine engine* much the same as that power- 
ingl|et aircf&i.i. . 

The turboprop's propeller thrust* can be reversed on landing, 
and its turbine engine can supply, the propeller with double the 
horsepower of the conventional reciprocating epgine. But reduc- 
tion gearing must be used to slow the rpm rate of the propeller 
and keep its tip speed below the speed of sound. All the limita- 
tions of the propeller still apply despite a^change of power plants. 

A number of engine manufacturers and aircraft users have ac- 
cepted the limitations of the turboprop engine — along with its 
'benefits-^and the engine^ is seeing exten^;^ use today. 

The main aircraft using the turboprop .system are the Air Force's 
C-130 Hercules and its several commercial versions, the Convair 
580; and thc^ OV-10 Bronco, used in military observation and 
Forward Air Control missions. 

But engine manufacturers have not Stbpped with that compro- 
mise between the propeller craft's superiority at low speeds and the 
jet engine's class at high speeds. Continuing experimentation and 
design changes have pro'duced a much better "compromise" than 
the turbdprori engine. This newest development is an improved 
turbojet callcc ihe turbofan engine, and it is on the way to becom* 
ing the domiiiant engine for high-performance Aircraft, 

' 104 



. OAS TURBINOS k JBT PROPULSION 'l 

Turbofan Engint 

The turbofan engine, also called the ducted fan, fanjet, or by- 
pasi engine, is a more recent development than iht turtK)prop 
engine. It shares the turbq^rop's principle of moving larger vol- 
umes of air at lower .velocities, but is still strictly a jet propulsion 
, ^ engine. 

In the turbofan engine, shown in figure 61,. one oi: mote rows 
of the compressor blades are extended beyond the length of the 
rest of the compressor 'blades. These etongated blades make up the 
Ian of the engine. The fan pulls"^ large volumes of air into^ the 
engine, and about 60 percent of that air passes through ducts out- 
side the power section of the en]pne< 

The remainder of the intake air is fed through the combustion, 
chambers, the turbine, and the eXhaust section. But the air pulled 
by the extended blades (the fan) is ducted outside the engine so 
that it bypasses the combustion chamj>cr, is forced backward^ and 
is discharged without bumuig. It is discharged with the exhaust^ 
gases. The fan resembles the propeller in the turboprop engine" 
m that it !iurls masses of air rearward-. But the fan is run directly 
by the turbine without the necessity of reduction gearing, and it 
is not subject to the propeller's tip speed limitations. 
^ The turbofan engine moves up to four tunes as much air as the 

simple turbojet. It is capable of driving an aircraft at supersonic 
speeds without the benefit of an afterburner. 

An innovation in the turbofan engine allows 'burning of the air 
in the^fan stream. This type of cn^nc, called {he fan burner, is 

LOWWESSUftE HIGH PRESSURE 




FiQurt 61. Tbt turbofan engint Is a trut |tt propuliton tngint, slnc« its prtnclpft thrust 
I's prodvctd by txhausfing gatts. Tht turbofan !s dtilgntcl to movt grtat vofumts of 
air, as tht prop«lltr dots, but It dots not havt tht proptfltr's Hp spttd limitations. 
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essentially a turbofan engine with an afterburner capability. Eco- 
nomical ^ operation can be obtained from this engine at low alti- 
tudes and low speeds if the extra burner is not used.^At high alti- 
tudes and high speeds, the burner ma> be used without too much 
loss of efficiency and economy. Burning fuel in the fan duct of 
this engine can double the normal thrust of the turbofan engine. 

Compared to the more conventional turbojet, the turbofan en 
gine furnishes greater thrust for take-off, climbing, and cruisir , 
from the same amount of Tuel, mainly due to its larger air move- 
ment. The addition of the afterburner capacity has boosted the 
popularity of the turbofan. Some of the outstanding aircraft now 
using this kind^of engine are the FB-111 supersonic fighter- 
bomber, used by the Air Force; some versions of the B-52 
bomber; the KC-135B tanker aircraft; the commercial airlines' 
Boeing 727 and 747 and Douglas ix;~9, plus some versions of 
the Boeing 707; the C-141 Starlifter cargo plane; the A-7 Corsair 
II attack aircraft, the giant C-5 transport, the world's largest air- 
craft; anji the new air superiority fighter, the F-15 Eagle. 

UrilCOPlER ENGINES 

Helicopters are a different type of vehicle than the conventional 
aircraft we have been considering. Their wings are on top, and 
rotate "instead X>1 being firmly fixed to the side of the fuselage. 
Helicopters can go straight up and straight down, frontwards, 
sideways, and even backwards, or they can hang suspended, all 
in. response to the pilots control of the way those rotating wings 
are aimed. These fiiglit characteristics require different thrust 
capabilities, but helicopters use essentially the same type of en- ' 
gines that fixed-wing aircraft use. 

It is not the purpose of this volume to explore the aerodynamics 
of helicopters— the theory behind their flight control— but merely 
to look at their powerplants and some of the peculiar problems 
they cause. 

Helicopters may be powered by reciprocating or turbine engines, 
located in the front of the craft, in the middle, or on top. Increas- 
ingly, gas .turbine engines are being used, and on the larger 
helicopters with a very large rotor or more than one rotor (as 
the rotating wings are called), more than one engine may be used. 

Helicopter engines generate power in the same way as do the 
reciprocating engii.^s and the gas turbine engines we have studied 
in this book. The main difference is in the way the power is trans- 
mitted to the rotating wing. The situation is similar to that found 
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in the turboprop engine, where h, system of gears is -required to 
change the twisting power in the power shaft into a form that 
can be used by the propeller. The power shaft of the jreciprocating 
engine, of course, is the crankshaft. The power shaft of the turbo- 
shaft engine (the turbine engine used in helicopters) is similar to that 
of the turboprop: the shaft is connected to a power turbine, which * 
IS activated by ennine gases. In both the reciprocating and 'the 
turbme-powered helicopter engines, reduction gearing is nec^sary 
not only, to control the tip speed of the ro'tating wings (rotor 
blades) but also to change the direction of the spinning motion to 
that required by thv rotor blades (Fig. 62). 

The pilot controls both the engine speed and the pitch of the 
rotor blades through his throttle contiol lever and grip. A twist of 




Figur* 62. Th« propditr't tnglno may b* locaKd wh«r«v«r it i> conv«nl«nt in tht olr- 
crafi dttign. Tli» (ngitit't Row«r it convtrttd to tli« proptr dirtction of spin by Its 
tysttm of transmiison and gtari. 
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Figur« 63. A tail roJor w6rk» jimilarly to a ptoptlltr to off$tl !ht lorqu* from lh« 
main rotor. Rtactlon to Iht tail rotor's Ihruil optralts In lh« oppoiilt direction from 
tht lorqu* of the main rotor. Ttiis lce«pi ttit litlicopttr from spinning. H«Iicopt«rs witti 
two rotors spin the rotors in oposit* dirtctions, offsetting eacti ottitr's torque. 

the grip opens or closes the engine's fuel flow, and forward- 
backward movement of the lever controls the rotor pitch. The 
throttle is sjnchronized with the pitch control linkage to equalize 
the powq^ supplied by, the engine with the power required by the 
rotors, 

The limitations on tip speed we discussed in the section on 
propellers also apply to helicopter rotor tip speeds, a factor in 
helicopter speed. Generally speaking, forward speed for helicop- 
ters in level flight is limited to about 30 percent of blade tip 
speedPfhus, if the tip speed were 400 miles per hour, the heli- 
copter woftld have a forward speed capability of approximately 120 
miles an Hour. 

Some Qt the later models of helicopter have incorporated short 
fixed wings on their sides and extra turbine engines that can pro- 
vide fomard thrust, as in putt fixed wing aircraft. These com- 
binatidn-type aircraft are markedly faster than the conventional 
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helicopter since tip speed limitations are lessened by the use of the 
nxed wings for lift in forward flight. 

One force that must be' reckoned with in helicopter design is 
rotor torque, the tendency of the heUcopter's fuselage to spin in 
the opposite-direcUpn from its rotor. Torque is aii example of New- 
tons third law, conccmmg action and reaction. Several means have 
been devised to overcome tilis force. One is the use of a small rotor 
on the tail of the helicopter mounted perpendicular to the main rotor 
and designed to produce tk-ust— a§ a propcUer does— in the op- 
posite direction from the torque action (Fig. -63). Some helicopters 
have dual main rotors, one mounted beneaUi tiie other, which turn 
in opposite dkections. This system "washes out", or cUminates, most 
of the torque, and vertical stabUizers take care of the rest. The large 
helicopters with two engines and two rotors may be designed to use 
a counter-rotating system also, wiUi the torque effect of one engine 
balancmg put that of the other. 

SOME IMPORTANT SYSTEMS 

The jet engines that power our modem aircraft are fitted with 
a number of auxiliary systems that may be vital to their operation 
or merely ad^dcd to increase their performance.. This list includes 
starter, fuel, and lubrication systems, water injection systems, thrust 
reversers, and noise suppressors. Some auxiliary systems and modi- 
fications are added for reasons of environmental protection. 

Acccssoiry Sectioa 

The mechanical controls by which some of the auxiliary sys- 
tems are operated may be found in the accessory section of the 
engme. In this section are found the engine's electric starter, gen- 
erator, oil and fuel pmnps, hydraulic pumps, and other devices. 

The accessory section is usually housed in the front part of the 
engine, under tiie diffuser cone in the air intake section. In some 
cngmes, however, the accessory devices have been relocated to the 
sides and bottom of the engme for improved air intake perform- 
ance. ' 



Starting the Eoglne 

Starting the jet engine is not as easy as starting Uie recipro- 
catmg engine because we must bring the engine up to substantial 
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speed to get sustained ignition. About ten times as^ much pc'J^^^r is 
required to start a jet engine as is needed for a reciprocating en- 
gine of comparable power. We need not only more j?ower, but 
also more time, since it takes a while to get the engine up to igni- 
tion speed. 

Usually, the aircraft's electrical starter, mounted in the acces- 
sory section, is a rather heavy motor which requires an outside 
power source for its operation^T-that is, an electrical connection 
with a power source on the ground. When the engine is started 
and brought up to idling speed by the starter motor, it begih§ 
to generate its own direct current for use by the other engine sys- 
tems. 

Somethnes air starters are used instead of electrical starters. In 
this case, a stream of air is pumped through the turbine-like 
starter. The starter turbine is linked to the engine's rotor ^haft and 
it accelerates the engine to ignition speed. The air stream that 
activates the starter turbine is generated by a ground-based gas 
. turbine engine. Some of the larger aircraft — the C-130 for ex- 
ample—Jiave an internal air starter called a gas turbine compressor 
(GTC) which will start from the aircraft battery, eliminating the 
need for an external power source. 

^ Sometimes, through a conibination of factors, a jet engine may 
experience flameout— the extinguishing of the fire in the engine. 
This may occur if en^ne speed is allowed to fall below what is 
required to maintain proper airflow and ignition, or when fuel/ 
air mixtures change so quickly that combustion in the burners fails. 
A pilot may be able to restart his engine in flight by going into 
a dive and relying on the resulting ram air to get the compressor 
up to ignition speed again, but the usual procedure is to bail out 
of the airplane and let it crashj 



Fuel Systems 

Jet engine fuel controls arc complex instruments that must take 
into account a number of factors, such as airflow, pressures 
within the engine, tailpipe temperatures, and fuel/ air mixture at 
any given moment. The controls must be designed to regulate 
the fuel flow into each burner at each instance in response to 
the pilot's change of throttle lever position. 

Modem fuel supply systems meter^ the fuel flow according to the 
air flow, which may vary with any combination of engine speed, air- 
craft speed, and air density. Limits aic set on the syst^ to avoid 
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•excessively rich fuel/air mixtures and to eliminate flameouts. A 
system of automatic controls linked to the pilot's throttle control 
lever assure proper fuel flow for the engine's demands. 



Lubrication Systems 



Jet engines are relatively simple . to lubricate. This is true because 
they do not have a great many moving parts, and because only the 
turbine wheel (of all the moving parts) is subjected to the high 
heat of combustion. ' 

Although wet sump lubrication systems have been used in jet en- 
&ncs, the modem jet typically employs the dry sump system 
similar to that shown in figure 64. The oil supply in this system 
IS located m a tank outside the engine, and pressure and scavenging 
pumps usuaUy are mounted in the accessory secUon. Another scav- 
enging pump may. be mounted towards the. middle of the engine. 
The system sprays lubricating oil on gears, bearings, and drive 
mechamsms, where necessary. 

^ Scavenged oil goes through a cooler, where it is cooled by fuel i 
that IS on its way to the engine's fuel manifold. The oil in a jet J 
engine is not exposed to combustion heat, but must withstand high ^ 
temperature m the rest of the engine. In some cases, synthetic 
lubncants are used instead of natural oil. 

Wtter Injection 

Many jet engines are fitted with water injection systems which 
can spray water into tlie combusUon chambers as a means of in- 
creasing mass airflow through the engine. The water not only 
adds Its own mass to the flowing matter, but cools the engine tem- 
peratures so that more fuel is burned in an attempt to bring the 
engmc back to normal operating temperatures. The extra fuel 
increases the intensity of the combustion in the combusUon cham- 
ber, and mcreases the velocity of the exhaust gases. 

The tailpipe sccUon alsq.is affected by the cooling effects of 
water mjectioa on the exjiaust gases. Many tailpipes have auto- 
matically regulated orifices^^ or openings, through which the ex- 
haust gasqs escape. As the temperatures of the gases drop, the 
tailpipe orifice closes somewhat as a means of bringing the tem- 
perature of the gases back to their most efficient heat. When the 
tailpipe opening is thus constricted, the velocity of the exhaust 
gases increases, and thrust increases, with it. 
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L Supply Tank 

2. Lubrication Element 

3. Scavenging Element 

4. Fofwaid Beating 



$. MidtbeailngOil Jet 

6. Oamper*beaf!ng Oil Jet 

7. Aft-beaiingOM Jet' 
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Flgurt 64. Thf lubrication lytUm of fht turboltt tngtnt It d^ttgntd ta.ipray lubrtcattng 
ail }n«Q 111* •ngint.'i bearing* and athtr moving parti. Principal parti af fhli dry 
sump lyiUm ov/ih* iloragt fank, fht all linti, prtiiuft pumps, oil jtli at tach 
biaring point, icavingi pumpi, and an all co^Ur. In thti llluitrallen, thi blut llnti 
donott all on iti way ta lubrlcatlan pclnti, whiU th» rtd ilnti rtprtitnt tcavtngtd 
q\\ returning ta tht itaragt tank. 

Ttirutt Reremrf « ^ 

♦ One big problem in the use of jet aircraft is the need for long 
runways for landing. The thrust force of the jet cannot be re- 
versed in the same manner as the thrust of .the propeller. 

Early attempts at braking the jet aircraft made use of a para- 
chute, which would, when released by the pilot, flare out behmd 
the aircraft. The drag caused, by the parachute slowed the pmne 
down and reduced the required length of the landing strip. 

But the drag chute wa$ not entirely satisfactory. For one thing, 
its braking powet . could not be controlled by the pilot— it was 
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all or nothing, since the parachute would open fully when released. 
For another thing, it had to be repacked after each use. 

Two type^, of niechanical thrust reversers have been devised 
and arc in use on some jfet aircraft today. These reversers are 
used on aircraft equipped with turbofan engines and in some tur- 
bojet-powered aircraft. 

One of these reversers, called the fan and aft reverser, is shown 
in figure 65. It affects the airstream in the bypass duct in front of 
the engine and at the exhaust nozzle in the rear. The "aft" part, 
of the fan and aft reverser is connected to the exhaust nozzle in 
the tailpipe section of the engine. Its three principal parts are a 




Hgurt 65. During normal fifght^ Iht airflow of tht iu/hoian tngint flows rtarward 
without obstruction, as In tht top drawing. Whtn tht fan and aft thrust rtvtrstr h 
in optration (bottom) blocktr doors rtvtrst tht bypass air flow and rtvtrsing gatts 
in tht txhaust ttction turn tht txhaust gasts back through cascadt vants. With tht 
thrust rtvtrstdi tht rtaction stops and tht aircraft isi^raktd. 
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set of clamshell-t/pe doors, called reversing gates, inside the tail- 
pipe; a set of vancd openings, called cascade vanes, in the side 
of the engine; and a sliding sleeve which covers the cascade 
ivanes u^til the thrust reverser is activated. ' 

As figure 65 shows, when the fan and aft thrust reverser is 
activated, the sleeve slides rearward, opening the cascade vanes 
on the "side of the engine. The reversing gates swing shut, block- 
ing the straight rearward thrust of the exhaust gases and forcing 
them cut the cascade vanes, at an ai^gle slightly forward of per- 
pendicular to the straight rearw^^rdflow. 

At the same time, blocker doors in the engine's fan section 
move into the bypass duct, forcing the bypass air^ to reverse at 
about the same an^e. 

Another type of thrust reverser, shown in figure 66, operates 
only at the rear of the engine. It consists of exhaust deflectors 
mounted on the outside frame of the tailpipe section, and can be 
used on turbojet as well as on turbofan engines. When this re- 
verser is activated, the, doors swing shut and the exhaust gases 
arc diverted slightly forward. On this type of reverser, the doors 
are mounted externally, there are no. cascade vanca and there is no 
sliding sleeve. When this reverser is not operating, the deflectors 
form an extension of the tailpipe (Fig. 66). Using the mechanical 




Figuro 66* In the turbo|tt's limpU tailpipe thruit rcvtrstr, tht cxhautt dtfitdor ads 
at a pert of the tallpipt whtn In tht forward thruit poiUion (Itft), but iwings ihut 
whtn activattd and dtfUds tht exhaust gasts back toward the front of tht aircraft. 
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thrust reverser allows the piiot to maintain full engine power while 
landing. In case the pilot has to puU cut of his pl&nned landing, 
maximum thrust can be obtained immediately by' retracting the 
thrust reverser doors, 

, NoIm Supprestion 

Since they fkst came into use, jet-powered aircraft have been 
noted for the loud, objectionable, noises they make. These noises 
m the conventional turbojet are caused by the movement of the 
high-velocity jet stream, (exhaust) moving through the' relatively 
quiet, still air around it. The sound of the high-speed air is of 
low frequency, and travels farther than would a . higher-pitched 
sound of the same initial mtensity. These loud noises are more 
of a nuisance than a real threat; they annoy passengers in the 
aurcraft and people on tlie ground, particularly people who live 
near airports. But sustained, loud exhaust noises also can have a <■ 
bad effect on the efficiency of the crew. 

There are important factors that work a«;ainst effective noise 
control measures. One serious complication is that every ;ioise 
suppression method devised so far has reduced the power of the 
cngme it is used on. With reduced power avaUable tp propel the 
aircraft, the margin of safety is reduced correspondingly. 

Human nature also has worked against efforts to keep the 
noise annoyance factor down. The simplest way to control the 
annoyance IS to move tlie noise away from populated areas. At- 
tempts to do this by moving the airports to areas where no one 
lives-have failed, however; for economic reasons. When an air- 
port IS built, the area round it becomes desirable for residential' 
and busmess development; but tlie people who build houses and 
Shops near the new airports then complam about the noise. 

And so the search for effective noise control continues m the 
laboratory. Researchers representmg engine manufacturers and 
government agencies-mcluding the Air Force and the National 
AeronauUcs and Space Administration— have worked for years to 
devise methods to curb engine noises as much as possible^ Re- 
search IS continuing not only m the areas of engine design and 
materials development but into the very nature of sound: fo con- 
trol noise, we must first understand what it is. 

Much of the sound abatement (reduction) effort of the past 
S JvT h ?^ ^'^PP'"8 the engine and its part 
wherever possible, m blankets of scoustical (sound-absorbing) ma' 
tenals or of coating certain portions of the engine's surface! with 
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noise-deadening substances. The limits of effectiveness of this 
approach appear to have been reached^ but engine noise levels 
stiU are unacceptably high. 

Efforts now are being concentrated toward redesign of the en- 
gines to build more quietness, into them. One type of silencer is 
a set of airfoil-shapcd projections built into the exhaust nozzle of 
the engine. These spades> as they are called, actually change the 
shape of the sound waves so that tS^ get out of the nozzle 
faster and react less with the metal insides of the engine's ex- 
haust section. These spades serve to break the large exhaust 
stream into smaller streams, at the same raising the sound fre- 
quency (in part) outside the range of human hearing. 

The coming of the turbofan has been beneficial in the quest 
for quieter engines. In the first place, turbofans are quieter by na- 
ture than are turbojets. In the second place, turbofans are eas- 
ier to mMfy or redesign for extra quietness. Some success has 
been reached by making the fan's blades longer, so it can move a 
greater mass of air, and at the same time eliminating a smaller 
second fan stage. This is known as a high bypass engine* 

The search for quietness is not limited to jet propulsion engines, 
however. Experimentation also is in the works on helicopters and 
reciprocating engines. 

Helicopter makers have found that modifications to the rotor 
tips can soften the noise-making impact of the blades on the air. 
TTiey have also found that by adding rotor blades, they can get 
comparable lift at slower rotor speeds; and slower rotor speeds 
mean quieter operation. Helicopter makers have also made use of 
acoustical blanketing to absorb some of the noise of the engines 
they use. \ 

Newly designed reciprocating engines are being produced that, 
compared with engines of shnilar power output, offer noise reduc- 
tions of up to 30 percent inside the aircraft and up to 50 percent 
outside. Among their quieting features, they employ a system of 
hydraulic cylinders to replace some of the noisy mechanical de- 
vices of the conventional reciprocating engine. Manufacturers of 
these engines hope not only to make aviation quieter, but to gain 
an economic benefit by slowing the trend toward the use of 
turboprop engines in low powered aircraft. 

Many of the advances discussed here are experimental, or are 
just out of the experimental stages and have not yet been put 
into widespread use. However, government regulations on noise 
control may hasten both the development of quieter engines and 
theJr adoption by aircraft operators. 
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PoUutlOQ 

Goyemmental regulations also Jiave been put forth regarding air 
pollution, commonly cited as a nuisance of air travel — especially 
of jet air travel. As in the case of noise suppression, experimenta-^ 
tion and research is under way in the field of controlling environ- 
mental' pollution caused by jet engines. Kere, the probjem seems 
somewhat more complicated than in the area, of noise suppression, 
for the cure of one problem increases another problem. 

The main pollutants from jet engines are unbumed hydrocar- 
bons, carbon monoxide, and nitrogen oxides. The most visible of 
these is unbumed hydrocarbon— the heavy black smoke that 
sometimes pours from the en^ne on takoff and landing. 

Most of- the research has been aimed at eliminating the visible 
smoke and has centered around- increasing engine temperatures 
especially in the combuster. The development of new combustion 
chambers and of certain fuel additives ha^s brought engine tem- 
peratures up and has virtually eliminated the smoke from the new 
engmes. 

This step, however, has not improved the situation as regards 
the other pollutants, carbon monbxide and nitrogen oxides. These 
gases are invisible, but are a muclAmore serious threat to the en- 
vironment than smoke is. Car^on-rionoxide is a. deadly gas to in- 
hale, but that does not seem to be the main problem. Environ-' 
mentahsts fear that the long range .effect of discharging this gas 
mto the atmosphere in great amounts will be the drastic alter- 
ation of the earth's climate. 

Nitrogen oxides are recognized as a threat since they ar*e an 
^portant ingredient in the production of photochemical smog. ' 
Smog IS the result of the ^chemical action of sunshine on certain 
gases. In concentration, it stifles the lungs, bums the eyesv and can 
make the body susceptible to various illnesses. Smog and nitro- 
gen oxides color the air a yellowish brown, and airline pilots 
say that every major city in the United States and the world is 
enveloped to some extent in this yellow-brown blanket. 

In attempting to solve the smoke problem, engine manufac- 
turers may^ be increasing the nitrogen oxide problem. Since the 
smoke IS mostly unbumed fuel hydrocarbons, higher tempera- 
tures will burn these hydrocarbons more thoroughly and elimi- 
nate the smoke. But increasing exhaust temperatures increases the 
chemical .reaction by which nitrogen oxides are formed from 
the ajr outside the engine. The heat causes the nitrogen and the 
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oxygen in the atmosphere to react, resulting in "the poisonous 
gas. 

Research continues into these connected problems, and ijivolves 
alternative approaches such as fuel modification. Other approaches 
include more basic research into the real causes of pollutants, how 
to measure them, and how to eliminate them. But the problem of 
ait pollution promises to be a tough one to solve. 



Some of tjje disadvantages of the jet engine today, as com- 
pared to th^ reciprocating engine-propeller combination, are: high 
fuel consumption at low speeds, high materials costs, both in manu- 
facture and in maintenance, exterior noise; length requirements for 
air strips used, and the possibility of damage to the engine from 
objects sucked intQ. the air intake. Continuing research and de- 
veIopmen^ bjwever, promises to ease all or at least some, of these 
problemr>. 

The jet's advantages over the "conventional" engine include: 
freedom from vibration, since all the moving parts rotate instead of 
reciprocate, simplicity of design and operation, less interior noise, 
higher thrust-per-pound ratios, higher sp.eed^,. and reduced fire 
hazards, since the fuels used Jn jet engines are less volatile. 



COMPARISONS 



WORDS AND PHRASES TO REMEMBER 



abatement 
accessory section 
acoustical material 
afterburner 



crossover tube 
diffuser * 
drag chute 
electrical starter 
exhaust deflector 
exhaust nozzle 
exhaust section 
^ fan 

fan and aft reverser 

flameholdc^r 

flameout 

fuel nozzle 

gas turbine 

gas turbine compressor 
grill assembly 
helicopter rotor 




carbon monoxide 
cascade vanes 



centrifugal flow engine 
combustion chamber 



compression ratio 
compressor 



compressor rotor 
compressor stage 
compressor stall 
compressor stator 
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high bypass enginis ~ . Scramjet 

-hydrocarbons , sleeve 

ignition plug spade 

inner (combustion) chamber split compressor 

jet propulsion thrust reyerser 

mach ' ^ turbme stage 

nitrogen oxides turbme wheel 

outer (combustion) chamber turbofan 

photochemical smog tujrbojet 

pulsejet turboprop ^ 

ramjet ' turboshaft 

reversing gates ^ * missile 

rotor torque * water injection system 

* 

QUESTIONS 

1. WbAt are the four main .cecUoiu of the Jet engine? 

^ 2 Name .some sImilariUes in and differences between reciprocating «nd jet 
engines* 

3. How does the ramjet differ from Jhc pulsejet, both in construction and 
pcTformance? How do these enghies differ from the turbojet? 

4. What is meant by the word, ^^ch**? 

5. Wbjit are some advantages of th< turboprop enghie over the convcntioi^al 
propeller-type cnghie? 

6. Why is the turbofan engine the most satisfactory jet enghie so far de- 
Telope^? 

7. How does the water hijection system bicrcase tiirust? 

' S. Why are there no supersonic ^helicopters? 

9. What are the differences in the starter systems for jet and for recfprocathig 
engines? How about the lubrication systems? 

10. In view of the noise, nuisance created by jet engines, do you tbhik re* 
ciprocating engines will come back bto promhicncc? Explain your answer. 

) 

THINGS TO DO 

1. Turbine engines power many kinds of jet aircraft. Find out and report 
on some other uses for turbine systems. Include proposals and current 
developments in your report. 

2. Some modem railroad trains are powered by turbine engines. Through 
rpsearcb, find out how these engines resemble the turbine engines that 
power aircraft, and how they differ. What are the advantages of turbine 
engines for ground vehicles over the more traditional powerplants? 
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3. Find out what the current federal regulations are concerning aircraft 
engine noise and pollution, and how well these standards are being met. 
Wh9t is the effect of these regulations on military aircraft? How does the 
noise problem affect plans for the development or use of supersonic 
commercial transport planes in the United States? 

4. Find out why turbine-powered racing, cars do not compete in races such 
as the Indianapolis 500. Have they ever competed there? 
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SUGGESTIONS FOR FURTHER READING 



ALSO: 



Current issues of magazines such as Aviation Week* 
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SUMMARY: 

PROPULSION'S EVOLUTION 

Aircraft powerplants developed through :he work of many men, 
over a period of many years. , Americans wer.^ the first t.o achieve 
•powered flight of heavier than air machmes, bi»: they built their 
success on a base laid by Europeans. While the Europeans were 
experimenting with approaches to usable mechanical power, 
America \yas still trying to build a solid nation, to conquer a J.^ 
continent, and to subdue a wilderness tijat was considered a threat 
rather than an asset. A few historical incidents can suggest, per- 
haps, why America trailed Europe for so long in developing a 
workable aircraft engine. ' ^ 

The origins of the first successful aircraft engine must be found 
in the piston-moving steam engine, invented by James Watt of 
Scotland. Watt invented his engine in 1769, the same year Na- 
poleon Bonaparte was bom, and four years before the Boston 
Tea Party. Changes in the steam .engine were made gradually. In 
1820, W. Cecil reported the development of an internal com- 
bustion engine in England. That same year in the United States, 
Congress voted to allow slavery in Missouri but nowhere else 
west of the Mississippi and north of the Missouri rivers. In 1860, 
the first Pony Express mail service crossed the American West, 
Abraham Lincoln was, elected President of the United States, and 
J. J. E. Lenoir of France designed the first practical internal com- 
bustion engine. Germany's Nikolaus Otto came up with a coal 
gas-burning engine in 1876, the same year Gen George Custer and 
his troops were wiped out bjr Indians on the Little Big Horn 
and Wild Bill Hickok was shot doWn from behind while playing 
poker. Gottlieb Daimler, another German, invented a high-speed 
gasoline engine in 1883, three years befbre the Apache Indian 
Geronimo surrendered to the US Army. Finally, in 1903, the 
Wright brothers combined aerodynamics with an engine of suf- 
ficient power to get their **Flycr" off the ground. That was the 
year the' United States agreed to dig the Panama Canal, and four 
years before Oklahoma became a state. 

These historical parallels may demonstrate how long the search 
lasted for a useful aircraft engine. They also point up the^ speed 
with which the engine was developed from its first success to its 
present point. Of course, many factors other than American inter- 
est have contributed to this development. But the entry of this 
country into aviation research, after a slow start, had significant 
impact on progress in that field. 
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Fiflurt 67. Tht P-80 Shooting Slor^ Amtri^a'$ first optrotional {tt airplont, camt Into 
fv/if in 1944. Gtrmony, holy, and Grtat Britain had alrtady, flown tttt lucctiifully 

by that timt. 



Scientific developments in the field of aircraft propulsion have 
not Stopped in the past few years. Even though the emphasis has 
been mostly on space, there has been steady progress in develop- 
ing airplane propulsion systems also — but with a difference. The 
historical quest for ever more powerful engines and for faster and 
fast^er aircraft has shown some signs of leveling off, and the trend 
now seems to be toward refinements of our engines to make them 
quieteVv^and more economical. Alorig with the new concept? 'and 
new engine types that are being tried out, the "basic" ma- 
chines wa\have discussed here are getting better and better. 

Developments in the field of jet propulsion are an example. 
America's firll operational jet fighter was, the 1^0 Shooting Star 
shovtn in figure 67. When news of this aircraft was announced in 
1944, the P-80 was said to be capable of speeds above 550 
miles, per hour, with a ceiling of 40,000 feet. By the mid-1960s 
jet propulsion had been developed to such a degree that two 
turbojet engines could power one of the United States recon- 
naissance aircraft (the SR~71, shown in figure 68) at more than 
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rigur. 68. Two J38 turbo(t^ tnglntt with crfttrburntr powtr tht SR-71 ttrotcgle 
raconnolitonc* olrcroff, tht frtt world'. hlBhtil-Tlylng ond foittst olreroft. 



2,000 miles per hour and at altitudes around 80,000 feet. Each 
engine on this missile-shaped aircraft develops 30,000 pounds 
of thrust, ^ 

The F-4 Phantom fighter, in heavy use, is powered by two 
turbojet engines developing 17,900 pounds of thrust each, a mea- 
ger amount compared to the SR-71. But the jPhantom can move 
at mach 2.5 plus (more than two and a half times the speed of 
sound) and can operate above 66,000 feet. It has clhnbed to an 
altitude of 98,000 feet (18.7 miles) in six minutes, ,11 seconds. 

The F-111 all-weather fighter-bomber has a number of unique 
features, including variable wings, as shown in figure 69. Its 
wings can extend straight out, allowing, effective operation ' at 
^ speeds as low as 100 miles an hour, or they can be swept back 

?c a/^^ ^ ^^^^^ "^^o turbofan engines of up to 

25,000 pounds of thrust power the F-111 to speeds approach- 

operational ceiling is more than 

o0,0Q0 feet. 

Six turbojets, developing 33,000 pound's of thrust each (with 
afterbtjmer), poyvered the now defunct XB-70 experimental 
bomber. This aircraft was designed to move at more than 2,000 
miles an hour and to operate at altitudes of about 70,000 feet. 

Turbofans mounted on the commercial 747 jumbo jeUiner de- 
velop more than 42,000 pounds of thrust each, and continuing 
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rifiurt 69. Th« Mil ho» variabU wlngj tliol con b« •xltndtd for toktoH and londing 
and for slow fliflHi, or »w#pl back for high-spttd flight. Pow.r.d by two turbofon 
tngmcs, the Mil con f»y ot tpttds in th« arto of 2,000 mlUi ptr hour. 

development has brought more size and power to the jet engine 
field. Turbojet engines designed for the American version of a 
supersonic transport (SST) developed more than 50,000 pounds 
of thrust each. » * 

But there are signs that Useful limits may have been reached, at 
least for the time being, in the amount of power we heed from 
engines that power air-breathing aircraft. The limits seem both 
political and practical. The political issues include questions of ex- 
pense and environmental considerations. 

There are firm examples tH^t the ecological limits have been 
reached, for instance, the puBlic outcry over noise and air pollu- 
tion, especially around airports. The Amcricaa SST was aban- 
doned (a political decision) in the wake of public alarm at its 
cost tag and its potential for ecological damage, particularly the 
sonic boom — the explosive sound caused by the shock waves re- 
sulting when an aircraft passes the speed of sound. So effective 
were the protests against them involving environmental harm that 
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supersonic transports have been forbidden to ope'^te at American 
. airports. 

The Anglo-French supersonic transport, Copcorde, was ex- 
pected td be the hit of an air show in England in 1972, and it 
did get attention when it roared past the crowd. But the show was 
stolen by the subsonic U-1011 TriStar, with its very quiet and 
smokeless turbofan engines. The question has been raised as to 
whether m need a supersonic transport at its financial and 
'ecological cost. Would its advantages be overcome ^by the dis- 
» comfort it would cause for people who do not fly? 

As for military akcraft, the newest Ah Force planes arc not, in 
most cases^ significantly faster than the aircraft they will replace. 
There are limits to the amount of useful speed, and these seem 
to have been reached— at least for now. But the new aircraft 
mcorporate new and advanced technology which make them su- 
perior m other ways than speed. 

The new air superiority fighter, for example, the F-15 bagle, 
shown in figure 70, is designed to operate at around mach 2, 
which is not excessively fast, and at relatively Jow altitudes. How- 
ever, the maneuverability of the Eagle and the fact that its en- 
gines develop more thrust than the weight of the aircraft itself 
make it a formidable— we hope, mvincible— weapon. Similarly, the 



rigurt 70. Tilt F-15 Ea^tt li txtrtmtly montuvtrablt ond vtry fast aircraft dtvtloptid 
ai on olr superiority ffghttr. It It powtrtd by two smoktlttt )urbcf«n tnofntt. 
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developing new ground support aircraft, the A- 10, is subsonic, but 
well fitted for its particular job. 

The, ,proposed new strategic bomber, the B-1, will be super- 
sonic, while the B-52 it replaces is not. But at the same time, there 
is under development a subsonic cruise armed decoy (SCAD), 
powered by a small turbofan engme. SCAD is a missile that can 
be carried by the, F^52 in numbers up to 20. On the radar screen, 
it looks like a B--52; armed with a nuclear warhead, it can act 
like a B~52, which means an enemy will have to cope with SCAD 
just as he would with a real bofeber. This missile is expected to 
prolong the service life of the B-52 considerably. 

In the area of transport aircraft, the Air Force's newest is the 
C-5. Big and powerful — its turbofans develop 41,000 pounds of 
thrust each— the C-5 is subsonic. 

Today's aircraft are being designed for specific jobs, and those 
jobs do not necessarily call for very, high speeds or very powerful 
engines. We have engines now that take us to the point where 
anything more could be done better by ballistic missiles or other 
rocket*powered craft. And so the concentration has shifted to im- 
provement of these engines, and of making engines to suit neg- 
lected types of aircraft such as the Short Takeoff and Landing 
(STOL) planes. Wc want power, but we ako want efficiency, 
economy, quietness, andjcleaiiiness. 

From a modest beginning at tlie start of this century, the air- 
craft engine has developed to the point that it can perform any 
job demanded of it, from very slow flight to flight several tunes 
the speed of sound, from low power to enough strength to lift 
hundreds of thousands of pounds of aircraft and cargo into the 
air, from ground-hugging flight to performance at the edges of 
space. There are under development air-breathing endues capable 
of bridging the gap between atmospheric flight ^ and near-space 
maneuvers but these engines (Scramjets) are beyond the scope of 
this book. 

Aircraft propulsion systems have taken us to the edge of space. 
The rocket engines discussed in Aerospace Education III take 
over the job of propulsion at that pomt. 
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INDEX 

The following is a list of subjects of interest to the study* of 
aircraft propulsion systems, Including many of the terms listed in 
the "Word? and Phrases to Remember" sections at the^end of each 
chapter, plus other entries. Terms In this list are adequately ex- 
plained In the text, usually where first mentioned. Page references 
locate passages where the items are defined, discusso.d, or ex* 
pidlnedf as necessary. 



Acctltrallng syjitm. Stt Ccrburttor ac- 
ctttorits 

AcuUration, 13, 14, 87,-88 

Acctttory ttdlon, 109, 110 

AfUrburntr, 93, 101, 102, 105-106 

Aircraft: 

A-7, 106 

A-10, 126 

B-*1, 126 

B-52, 102, 103, 106, 126 
Bo«Ing 707, 102, 106 
5o«ing720, 102 
So«?lng 727, 106 
Bo«tnQ 747, 106, 123 
C-5, 106, 126 
C-130, 104 
C-rl41, 106 
Convatr 580, 104 
DC-8, 102 
DC-9, 106 
iM, 102, 122 
F-5, 102, 122 
1^15, 106, 125 
Mil, 106, 123, 124 
Fly«r,2, 8, 9, 121 
KC-1358, 106 
M011, 125 
ME-262, 11 
Ornithcpt«r, 4 
Ov-IO, 104 
P-80, 11, 12,122 
SCAD, 126 
SR-71, 102, 122, 123 



SST, 124, 125 
STOl, 126 
XB-70, 123 

Aircraft powtr jourcti? b«n2ln«, 6; tltc^ 
triclty, 6; k«rot«n«, 38; 39, 98; gaso* 
lint, 6, 9, 38, 39, 43-45, 48; mutcit, 
4; sttam, 5 

Air, nalur* af, 3, 4 

Augmtnttr tub*, 31 

Balloon, 4, 5. S** cilso Diriglbit 
Bank. Sot Cylindir; bank 
Barnttt, William, 6 
Bernoulli's prlncipU, 45, 48, 74 
Bortlli, G. A., 4 



Caity, Gtorgt, 7 

Cam r<n(|. St« Ring, cam 

Camshaft^ 20, 22, 24 

Capronf, Glovann?, 1 1 

Carbon monoxld*, Sm Pollutlcn 

Carburttlon, 43-^ 

Carburetor, 38, 39, 44-54, 57, 69; Icing, 
39, 50, 53, 57; -f loot, downdraft, 52, 
53; float/ updraft, 45-48; prtttur* 
Inftctlon, 45, 53, 54 

Carburetor acc«ttorI«t, 48-54; acc«|«rat* 
Ing systtm, 49/ 50; automatic mixture 
control, 53, 54; tconomlztf/ 49; 
htattr, 50. St« alio, Sup«rcharQ«r 

C«cll, W., 5, 121 

Chanut*/ OctaV*, 7 

Combustion. Stt Four strokt cycltx powtr 
^ strokt 

Combustion chambtr, 89, 90, 91, 93/ 94, 
98-99, 104, 105 
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C«mbuit5on mtlon, II, 99^99 

Cemprititon; of atr, ie--90; 93^1; -of 
. Mi, 23 

C«m|>rtitl«n ratio, 25, 95, 96 

C«inprtti1on ttrokt. fovr ttrokii cydt 

C«m|ir«tior, 11, 93, 100, 104/ axial flow, 
. 93, 95H?7; c«nlrifugal flow, 93-95; 
dual* 96-91; rolor, 93-95; ttagt, 
94-95; iloll, 91; Uator, 93-95 

C*mprft»oc Mdlon, 93 v 

Cond«ni«r. Sm Ignition lysttm 

Cooling, 27-32, 34 

Cowling, 31 
" Cronkcato, 26 

Oonkjthaft, 20, 22, 23, 24, 34, 56, 68, 74 

Crouovtr tyb«, 98, 99 

Cutt«r, Otorgt, 121 

Xyiindtr, 20, 23-29,' 56, 69 

Cylindtri bonk,. 33; ba^rtl^ 33; htad, 22, 
33i maittr, 21 



paimltr, GottUtb, 6, 121 
•Da Vine}, Ltonardo, 4 
D« Rochai, Alphcnw B«aO, 6 
Dt«ttl (ingino. Sto Englnt, di«Mt 
Di«$«f, Kudotph, 25 
DlffuMf. S«« Intakt ttctton 
Dir}gibt«, 6. S«o al»o Batloon 
Dlttrlbotor. $t* Ifiniton lyittm 



Elictncal tyiUm. Sto Ignition lyittm 
EUdr^ty, 58-60, 67, 68;. aitt matin g cur- 
rtnt, 60; dirtct curront, 60; tttdromo- 
tiv# forco, 59/ lonixation, 59; t«|f* 
Induction, 65; voltagt, 59, 61, 64. So 
alio £ltctromagn«tIc Induction 
Eftctromcgnttic Induction, 61, 62 
EUctromotlvt fore*, 59. alto Eitdrldty 
kiiitrgy, 39 
Engint, ditwl, 25-26 

Cngin*/ I«l/11-t3, 15, 19, 58, 85-102, 
105-106, 115-118, 122-126; prin- 
dpttt of operation, 87; pultil«t< 
90-92; ramjtt, 88-90, 101; Scramjtt, 
" 90, 126; tufbofan, 104-106,113, 114, 
116, 123, 125, 126; turboltt, 92-104, 
106, 113, 122-124. Stt alio. Engine, 
turbint 

EngJnt, ftdproeatlng, 12, 15, 19-34, 80, 
86-87, 91, 102, 104, 106, 107, 109, 
116, 118/ In-llnt, 10, 26; oppowd, 26, 



71; radial, I, 21, 29, 73; "V", 26, 

27; "X", 26, 27 
Engin^, ittam, 2, 4, 5, 13 
Engint, turbint, 93-111; turboprop, 102- 

105, 107; lurboihaff, 107. $«t alio, 

Engint, \%U turbofan, turbo[tt 
Exhauit, 87, 88, 93, 99, 100^ 101, 105, 

111, 113-116 
Exhauit itdlon, 18, 100-101, 105 
Exhouit ifrokt. Sto four itrokt cycit 
Exbauit valvt. $«• Volvt, oxhauit 
Exttrnal combuitlon, 2, 11 



Firing ordtr, 25, 66, 67 
Flamt Imldtr, 89* 101. Sm alio Afttr- . 
burnt r; and Engint, ]ttt ramitt 

Flamtout, 110 

foTco. Stt Fowtr ftrmt 

Four itokt cydt, 6, 20, 23-25, 56, 86, 
87; comprtiilon, 20, 23; txhauit, 20/ 
ignition, 20; Intakt, 20, 23; powtr 
(combuition), 20, 23-25 

Ft/itc% 14 

FutI, 23, 38-42, 43; 98, 118; backfiring, 
40; citcniintii, 43; dttonation, 40; 
futl/air chargt, 23, 39-40, 43-45; 
flaih poln^ 38; knock, 40-41; Itan 
mixturt, 40, 44, 45; odant rating, 
40-42; prt .Ignition, 40; rich mixturt, 
44; 45, 111;.itability, 39; vapor lock, 
.39/ voiatiiity, 38-40. Stt oUo, Atr* 
craft powtr lourctt 

Fut! Inltdion, 54^8; Intakt mtttring iyi» 
Urt^t 56-57; man air flow lytttm, 
55-56 

FutI lyittm, 38, 42^8, 69, 110-111? futi 
fttding, 42-43. Stt alio Carburttorj 
FutI lyittm/ and Suptrchargtr 



Oai turbint. Stt Tgrblnt 
Gtari, rtdudlon, 74, 104, 107 
Gtntral aviation, 19-20 
Gtntrator, St« Ignition lyittm 
Gtronimo, 121 
Giffard, HtnrI, 5 
Glldtri, 7-8 

H 

Hat'ftllln, Paul, 6 

Htllcopttr, 106-109 

Htan 30, 33, 69, 71, 98-101 
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Hlcko€k,^Wild till, 121 
HoritpoW«r« 12, 26, 28-29. St« m\f 

Hydrocarbon, 38, 40, 117. Stt ftlt«>ot 

lutlcn 



I 



Ignition, 58 

Ignition plug, tl, 89, 99 

Ignition itrok«. S«« Four ttrokt cycit 

Ignition syit«m, 38, 58, 61H&8, 69; booster 
coll, 68; brtak«r point, 65, 68; con* 
d«ni«r, 65; contact point* 67; dli* 
tributor, 65, 67; g«n«rator, 58; mag* 
n«to, 58, 62-^, 68; magnvto coils, 
63-65; loUnoId, 68; ipark plug, 23, 
65, 67, Sf« alia Starting iyit«ms 

Intaktt manifold, 48, 50, 52, 54; i«ctIon, 
88, 90, 93, 109 

Intakt ttrokt. St« Four itrok« cyd« 
Intak* vaW«. Sm Valv«, Intake 
Inttmal combustion, 2, 5, 6, 8, 9, 11, 
21 



U\ propulilop, 10, 11, 85, 87, 88, 104, 
105, 122. St« also Engln«, |«t 



longlty, Samu«l, 8, 9 

lows of motion, 13, 73, 87, 109. Sto also 

Ntwtbn, Isaac 
Unoir, J. J. E, 6, 121 
Lllltntlial, Otto, 7 
Lincoln, Abraham, 121 
Lints of flux. Sm Magnetic lln«t of flux 
Lubricating oils, 69-7]; dtttrgtntSi 7T; 

flash point, 70<-71; pour poinf, 71; 

viscosity, 70 
Lubrication syittm, 38, 69-73, 111; dry^ 

sump, 73; prtssur* pump, 71; sea* 

vmgtr pump, 71; w«t sump, 71-73. 

S«« alto Lubricottng oils 

Mach, 90 

Magnttism, 58, 60 

Magnttici circuit, 60; fitid, 60, 61; lints 
of flux, 60-63. Stt also Eltctromag- 
nttlc Induction 



Magntto. St« Ignltlon^ysttm 
Manly, Charlts, 8, 9 
Mass, ^3, 87-88, 111 
Mattrlajs, 2, 6, 11, ,32-04, 100 
Mtchanfcal systtm, 20-25, 37, 69 
Mlsslltsr 

lomatc, 90-91 <i 

Hound^^Oog, 102, 103 

V-1, 91, 92 

N 

National ^tronautlcs artd Spac« Admin* 

Istratlon,. 115 
Nitrogtn o];(idts. Stt Pollution 
Mois, Sanfprd, 11 

Ntwton, Isaac, 10, U. Stt also Laws of 

motion' 

Nolst supprtsslon, 115-116, 117 



Ohatn, Hans von, 11 
Oil. Stt Lubricating oils 
Otto, Nikolaus, 6, 121 



Pllchtr, Ptrcy, 7 
Piston, 20, 22-24, 33, 68, 69 
Piston ring. Stt Ring, piston 
P.'ston rod. Stt Rod, con nt ding 

Pitch, proptlltr, 75. Stt a!ta Proptlltr, 
typts of 

Pollution, 117-118, 124-125 
Powtr strokt. Sto Four stroV** cydt 
Powtr ttrois, 11-15, 87-88; forct, 12-14, 

87; horst powtr, 12-13; thrust, 13-14; 

thrust horst powtr, 15; work, 12-13 
Proptlltr, 8, 10, 23, 30,. 38, 69, 73-80, 

86,. 102-105; os airfoil, 73; tfftdtncy 

of, 74, 80; ftothtflng, 79; forcts act* 

Ing on, 76-77; motion of, 73, 74; 

nomtnclaturt, 74; rtvtrytng, 78-79; 

windmllling, 79; typts if, 78 
Pulst|tt. St« Engtnt, jtt 



Radial tngint. Stt Engint, r«clprocatlno 
Ramttt. Stt Engint, jtt 
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Wct!ofi •ngln«, 80, .81. S«« m\f J«t 
propultton ^ 

Kingt «am, 22, 23; pUlon, 70, 71 

Xock«r arm, 22, 24 

Ko€fc«t, 80, 81, 90, 126 

Rodt artlculattng, 28; conntdlng, 20, 22, 
23, 28, 34; mastt r, 28 

Rotor. $#• Comprtstor; Htilcopttr; and 
Turbtno 

Rotor pUcK 108 

Rotor lorquo, 109 

S 

Sontoi^Dumont, Aib«rto, 6 
Sihwartx, David, 6 
Scfam)«t. S«o Engin*, {tt 
Shrinking, 33 
Slug^ 14 

Smog. S— Pollution 

Spark plug. Sco Ignition systtm 

Starting tyitoms, 68; [•»/turbin«, 109-110; 

rtclprocating, 68, 109 
Supt rchargar, 50-52; 55; Imptlltr, 51, 55; 

turbotuptrchargor, 51-52 

T 

Taiiplpt. Soo Exhaust 

Taylor, CharUs, 10 

Throttio, 47-48, 53-54, .56, 96, 107 

Throw, crankshaft, 22, 23 

thrust, 12, 73, 87-88, 101, 104, 106. 



S«« oUo Powtr ftrmt 
Thrust horstpowtr. So« Powtr ttrms 
Thrust rtvtrstr, 111-115 
Tip sptfd, 74, 80, 104, 105, 107-109 
Tissandicr, Alb«rt, 6 
Tissandif r, Gaston, 6 

Turbint, 11, 93, 96, 99-100, 102, 104; 

ttagt, 100; stator, 99; whtti, 98-99. 

$•# also Comprtssor; Engint, turbint; 

and Engint, {tt 
Turbofan. Sto Engint, [tt, 
Turbo]tt. St« Engint, ]tt 
Turboprop. Sto Engint, turbint 
Turboshaff. Sto Engint/ turbint 

V 

Valvt, 20, 22-24, 33 

Valvt: air, 90-91; txhaust, 22-24, 33, 

56; Intako, 22, 23, 33, 48, 54, 57 
Vtntutl, 45, 48, 53-54 

w 

Wattr initctlon. 111 
Watt, Jamts, 13, 121 
WhiHU, Frank, 11 
Wright Brothtn, 3, 7-10, 121 
Wright, Orvillt, 2, 3, 8 
Wright, Wilbur, 2, 3, 8 

z 

Ztpptlln, Ferdinand von, 6 
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